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THEORY OF FLOATING TUBES 
By Frank GILMAN 


ARTICLE 1. It is proposed to treat of the theory of floating tubes or 
rods as applied to the measurement of the velocity of water in open channels ; 
but, before doing so, we shall give a brief historical sketch of the use of this 
method in water measurements. 

The first public mention of the method, so far as known, was made by 
T. A. Mann, a member of the Imperial and Royal Academy of Sciences at 
Brussels. He communicated a paper to the President of the Royal Society of 
London, Joseph Banks, who read it before the Society on June 24,1779. The 
subject of the paper was “The Iydraulics of Rivers and Canals,” and in it a 
method is described for measuring the velocity of water in canals by means of 
wooden rods, or poles, of a length somewhat less than the depth of the water, 
while at the lower end are suspended as many small weights as may be neces- 
sary to keep the rod in a vertical position. He advises that a small straight 
wire be fastened to the center of that end of the rod which projects from the 
water so that it may indicate the deviations of the rod from a vertical position, 
and enable inferences to be made in regard to the relative velocities of the 
water at different depths. 

Mr. Mann speaks of this method as the best and simplest of which he 
knows for measuring the velocity of the water in canals and rivers. He refers 
to it as if it were a well known method, but gives no example of its applica- 
tion. It is probable, however, that he had used it, for he says that he had 
long lived in a country that abounded in canals, and had been much employed 
in matters relating to hydraulics. 

The results of the application of this method were first published by C. 
R. Tf. Krayenhoff in Amsterdam, Holland, in 1813. His work gives an ac- 
count of his observations on the hydrography and topography of Holland, 
The floats that he used were wooden poles loaded with lead at the bottom, and 
carrying copper floats at the surface. The next application of the method was 
made by M. de Buffon, who in 1821 gauged the Tiber by the use of bundles 
of rods loaded at the lower ends and extending from the surface nearly to the 
bottom. 

In 1835 Destrem gauged the Neva by the same method. 

(1) 
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In measuring the discharge of small canals Hirn used light covered frames, 
so arranged as to be at right angles to the current, and of such extent that they 
nearly tilled the whole cross-section of the stream, and consequently gave, at 
one reading, the approximate mean velocity at that section. 

In 1852 James B. Francis, of Lowell, Mass., made‘most elaborate experi- 
ments on measuring the discharge of canals by the use of loaded tubes. These 
experiments were supplemented by others made in 1856, and a full account of 
all of them can be found in “The Lowell Hydraulic Experiments,” a second 
edition of which was published by Van Nostrand in 1868. Mr, Francis compared 
the discharge given by the use of tubes with the same quantity passing over 
a weir and determined by weir measurements, and found that the difference 
was generally less than two per cent. 

The tubes used were hollow tin cylinders, two inches in diameter, soldered 
together, with a solid cylindrical piece of lead, of the same diameter, at the 
lower end. The tubes ranged in length from 6 to 10 feet, and the centers of 
gravity of the longer tubes were about 1.9 feet from the lower ends. Two 
beams were laid across the canal, at right angles to the current and 70 feet 
apart. These constituted the upper and lower transit stations. The time oc- 
cupied by the tube in passing from one station to the other, was determined 
by means of a stop watch, or chronometer; and from this and the known dis- 
tance the velocity of the tube was calculated. The up-stream side of each 
beam was figured from one end to the other, so that the distance from the left 
shore (looking down stream) at which the tube passed each beam could be 
noted. The results were plotted on cross-section paper, calling the mean dis- 
tance from the left shore the abscissa, and the velocity the ordinate. Between 
the points thus obtained a curve was drawn so that the sum of the vertical 
distances from the curve of the plotted points which are above, should be 
equal to the sum of the vertical distances of the points which are below the 
curve, or so that the sum of the positive errors should be equal to the sum of 
the negative errors. 

From the mean velocity curve, thus obtained, readings were taken at 
intervals corresponding to one foot each in the width of the stream. The sum 
of these readings multiplied by the mean depth gave the discharge. 

Very elaborate experiments in measuring the discharge of streams by the 
use of rods were made by Capt. Allan Cunningham near Roorkee, India, on 
the Ganges Canal. These experiments were begun in 1874 and continued, 
with some intermissions, until 1879. Capt. Cunningham found that rods moved 
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more steadily than any other sort of float, that they gave the result more 
rapidly, were more easily handled and less delicate, being simple in construc- 
tion. He recommends that for measurements of mean velocity past a vertical, 
the rods should supersede all other instruments in cases favorable to their use. 
The conditions favorable to their use are that the cross-section and declivity 
of the stream should be uniform for a considerable distance, that the bottom 
should be free from obstructions, and that the depth should not exceed 15 feet. 

M. A. Graéff, in his «*Traité d’hydraulique,” published in 1883, expresses 
a similar opinion in regard to the merits of the loaded tube, or rod. He states 
that Italian engineers bad adopted the method of measuring the mean velocity 
by means of rods, and that he himself had used it in gauging the discharge of 
the Loire and its tributaries. 

The Mississippi River experiments of Messrs. Humphreys and Abbot re- 
main to be mentioned, which are the most important of all, as far as this 
paper is concerned, since by means of them the truth of our fundamental 
formula, v = « + bx + cx*, was first demonstrated, in which v denotes the ve- 
locity of the water at the depth x, the total depth being unity, while a, 4, and ¢ 
are constants determined by experiment. The experiments were made at Car- 
rolton and Baton-Rouge, Louisiana, in 1851. The mean depth of the river was 
about 82 feet. This depth was divided into 10 equal parts, and at each pro- 
portional depth 222 observations of the velocity were made, and their mean 
taken as the true velocity. 

The results are tabulated on page 244 of the ‘*Report of the Mississippi 
River,” published at Washington in 1876, The mean results are given further 
on in this article, where it is seen that they satisfy the parabola equation with 
considerable exactness. Long tubes, of course, could not be used in measur- 
ing the velocity at different depths, nor in gauging the discharge for a river 
of such depth as the Mississippi. The apparatus used was a double float, con- 
sisting of a surface-float, a sub-float, and a connecting cord. The surface- 
float was of cork, 5 inches long, 1 inch thick, and submerged to a depth of 14 
inches. Its weight, therefore, was not more than one-fourth of a pound. 

A wire one foot in length, and carrving a small flag, was inserted in this 
float. The sub-float was a keg, open at both ends, beveled at the lower edge, 
and weighted with strips of lead to keep it in a vertical position. The weight 
of the keg, with the ballast, was about 9 pounds. Its diameter was 10 inches 
and its height 15 inches, thickness of staves three-eighths of an inch. The 
connecting cord was of hemp and one-tenth of an inch in diameter. 
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Its weight when stretched to its full length of 90 feet, was one-half a 
pound. These experiments have been severely criticized, on the ground that 
the sub-velocity measurements, especially those at great depths, did not truly 
represent the velocities at these points, on account of the disturbing influences 
due to the surface float and connecting cord. But these criticisms do not seem 
to be well founded, as a little calculation will show that the vis viva of the 
surface-float and cord due to the difference between the velocity of the water 
at the bottom, and the mean velocity of the water surrounding the cord, 
would be less than one-tenth of one per cent. of the total vis viva of the keg. 
Another result of the Mississippi River experiments was the conclusion that 
there is a nearly constant ratio between the mid-depth velocity and the mean 
velocity past a vertical line from the surface to the bottom. This follows 
however, from the form of the equation which gives the relation between the 
velocities at different depths, viz.,.v=a+ 62+ cx*. Calling v,, the mean 
velocity past a vertical line, and v, the mid-depth velocity, we evidently have 


die te 

Un i ae 
ag eye 
2 4 


substituting the values of a, 6, and cas deduced from the Mississippi River 
experiments, viz : 


az=+ 3.198 2, 4 = + 0.4424, c = — 0.7652, 


we find v,,/7, = 0.980, 

If this ratio, 0.98, be applied to Capt. Cunningham’s first 46 series of 
experiments, and each of the mid-depth velocities be multiplied by 0.98, the 
results will differ from the v,, of his experiments by less than one per cent in 
the majority of cases. The following table gives a synopsis of the results of 
the Mississippi River experiments : 




















Relative Depth Observed velocity Velocity by formula 
in feet per sec. 
x v yaa t+ bu + cx’, 
0 3.1950 5.1952 
1 3.2299 3.2318 
2 3.2552 3.2531 
a 3.2611 3.2591 
4 3.2516 3.2497 
mi) 3.2282 3.2251 
6 3.1807 3.1852 
7 3.1266 3.1299 
8 3.0594 3.0594 
9 2.9759 2.9735 


ARTICLE 2. In discussing the theory of floating tubes different results 
will be obtained according to the law assumed to hold true for the resistance 
of fluids. Some engineers assume that the resistance of fluids varies as the 
first power of the velocity, and consequently they take it for granted that the 
velocity of a floating tube is the same as the mean velocity of the water in the 
same vertical line of the same length as the tube. It would follow from 
this that the proper length of a tube, theoretically, for measuring the velocity 
of a current, is the same as the depth. But since in practice the length of the 
tube must be less than the depth, it is inferred that the velocity of the tube is 
always greater than the mean velocity of the current, in consequence of the 
slower motion of the water along the bottom, and tables of corrections are 
prepared to be applied to the observed velocity of the tube, which corrections 
are always negative. It is easily shown by analysis that this assumption and 
practice would be correct if the impulse and resistance of fluids varied directly 
as the velocity. But according tothe law accepted by the great majority of 
experimenters, the impulse and resistance vary as the square of the velocity ; 
and not only has this been demonstrated by experiment, but it has been shown 
to be true from theoretical considerations.* 





*For a theoretical proof, see Weisbach’s Mechanics, Vol. 1, Article 498. 
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We will now investigate the conditions for determining the velocity of a 
tube when immersed vertically in a stream of water, on the hypothesis that 
the resistance generated by the motion of a solid body ina still fluid is pro- 
portional to the square of the velocity, and that when the fluid itself has 
motion the resistance is proportional to the square of the relative velocity 
of the solid and fluid. 

In the case of a vertical tube borne along by the current some parts of 
the tube will move faster than the adjacent fluid, and some slower. The parts 
that move faster will meet a force of resistance, and those that move slower a 
force of acceleration, each of which will be proportional to the square of the 
relative velocity of that portion of the tube and adjacent fluid. 

We shall discuss in this article the case in which the velocity of the tube 
is less than the velocity of the water at the surface, as represented in figures 
1 and 2, in which Z/ denotes the tube, AZ’ the surface of the water, ACT 
the parabolic curve of velocity, EF’ the velocity ”, corresponding to the 
depth BF’ as x, the relation of v and zx being expressed by the formula, 
vo=athe + cx". 
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Figure 1 represents the case in which the axis of the parabola, CY), 
(which is the maximum velocity line) is below the surface of the water, while 
figure 2 represents the case when this axis is above the surface. 

In the former case //c is negative, in the latter positive. When the tube 
has attained a state of uniform motion, the sum of the forces of resistance 
will be equal and opposite to the sum of the forces of acceleration, a condition 
expressed by the following equation : 
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h l 
| (v —v')*dx -/ (v' — v)*dz, 
0 h 


in which h denotes the distance from the surface to the point where the veloc- 
ity of the water is equal to the velocity of the tube, and is represented in 
the figures by B//; v' denotes the velocity of the tube, and is equal to 
a+ bh + ch*, while /is the length of the submerged portion of the tube, 
taken on the same scale as 2, the total depth being unity. 

Substituting the values of v and v’, as above given, performing the indi- 
cated operations, and arranging the results with reference to the powers of 4, 


we have 
; LYM +(52 aan ony 5B lie 


i? i? A ‘hi 
a ° p A=u.-— 84? " 
. G 37 *R° Ts 
Let h = rl, and substitute this value of 4 in the above equation, then, dividing 
through by /, and representing 4/cl by 8, we obtain the following for the final 
equation : 


16, 52 3 24 2 
3° + (38-1) “4G s Tadeo es 3)" 


s? 8 
= 2 ee mn ee 
+(j s+ a)r— 3. 2 ; , 


It is easily shown, by Sturm’s Theorem, that this equation will give only one 
real value for r corresponding to any real value of s; for instance let s = — 1, 


(2) 


then the equation becomes 
rm — 2.574 4+ 2.573 + 0.6257? + 0.3125r — 0.03125 = 0. 


Call this equation .Y, and its first derived polynomial .Y,. Then finding the 
greatest common divisor of Y and X,, denoting the successive remainders, 
with their signs changed, by 22, 22), 22;, ete., and writing the results in two 
rows, we have 

VY Ny R R, R, 

75 fe —_- —r 4+ 1.55164 


Each term in the second row denotes the first term of the equation designated 
by the symbol immediately above. 
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Substituting successively — «2 and + * for r in the equations Y, .X), 22, 
R,, and R2, we have the following signs : 
forr=— x —-+—++4+ three variations ; 


forr=+ 2 ++——+ two variations ; 
the equation has therefore one real root. 
Next substitute + 1 for s in equation (2), and by a similar process we 
obtain the following results : 


V A R R, R, R, 


> A ee or pr 4 0.58 
forr=—x —-_ + —- —- — + three variations ; 
forr=+x + ++— + + two variations. 


Again the equation has one real root. 
The following tables give the values of r corresponding to different values 
of s, negative values of s being given by the first table, and. positive values 


by the second. 


TABLE 1 TABLE 2 

s negative s positive 

s r 8 r 8 r 8 r 

0 0.6105 0) 

a .6200 i 0.6025 1.1 O.5577 7.4 O.5597 
aa £6306 BS OND2 | Pe Derrd A DOSS 
sa 6451 wo Los Ls 0929 5 5374 
4 6977 4 O85 1.4 S508 2.4 | 5363 
oe OT44 re minal) 5489 2.3 353 
aD) 956 aD) ol 1.6 DAT 24 040 
ek 21150 at 701 L.7 9454 aime | ood 
tp) THAO4 8 665 1.8 9438 Ze0 29526 

9 ioee 9 O33 1.9 0424 ie .O318 
1.0 5000 1.0 9604 2.0 0410 3.0 .O510 


Giabeden aon . 
_- ve 
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The following example will illustrate the application of these tables: 
Let the relative length, /, of a tube be 0.925; it is required to find its veloc- 
ity when the values of a, 4, and c are the same as those found in the Missis- 
sippi River experiments, viz: ; 
a=+ 3.1950, b= + 0.4424, c = — 0.7652. 





We have 
b 0.4424 
‘=a = — O.1652 x 0.995 ~ — 9-829. 
With the argument s = — 0.625, we find from table 1, by interpolation, r = 


0.6989, whence 
h = rl = 0.6989 x 0.925 = 0.6465 ; 


and the velocity of the tube, 
v=a+t bh + ch? = 3.161. 


Assuming that the impulse and resistance of fluids varies as the first 
power of the velocity, the problem would be solved as follows: Since in this 
case the velocity of the tube would be the same as the mean velocity of the 
current taken in a vertical line from the surface to the depth 0.925, we should 
have the following expression for the velocity of the tube : 




















; 1 $25 , - ; 
V= gyal | (+ Oe + ode = 8.181. 
ARTICLE 3. Equations | and 2 and the preceding tables apply when the 
, H' 
"| D 
E F 
I H 
P 





Fig. 3. 


surface velocity of the water is greater than the tube velocity ; but when the 
surface velocity is less than the tube velocity, a different equation is required 
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to express the conditions of equilibrium. Figure 3 gives a graphical repre- 
sentation of this case, in which the velocities are represented, as before, by 
horizontal lines drawn from // to the parabolic curve. The surface velocity 
is also represented by A, and the tube velocity by each of the lines 7// and 
I'll’. EF denotes the velocity, », of the water at any depth bY =r. As 
the axis of the tube, LP, intersects the velocity curve in the two points J and 
I’, it is evident that the velocity of the water at each of these points is the 
same as the velocity of the tube. Putting V/=/ and V/'=/,, we have the 
following two expressions for the velocity of the tube : 





vms—at bh aa ch? =a + bh + ch? 





Since from .V to J’ and from J to P the velocity of the water is less than the 
velocity of the tube, while from J’ to J the velocity of the water is greater 
than the tube velocity, we have, according to the principles explained in 
Article 3, the following equation of condition : 


“hy l h 
(v' — v)2dx +| (v' — v)*dx -| (v —v')*dx; 
0 h h, 


substituting for v and ~’ their values, integrating and arranging the results 





with re ference to the powers of 4, and remembering that 2 + 4, = —b/c,* we have 
32 6 = b? 8 / iP? 
“ ig!) + ie 271) 1 + i. oo alt P+ pyle 
) c Co” Cc 
7 264 | *? bm f 
) 2 21 b P ay P 
ee ae sei (2 + —_ -—— = VY, 
G ataht3or 4 rea 94 53°73" 


Writing s for 4/cl, and r for //l, and dividing through by /, we obtain 


32. 32 6 ‘ 
rhe r+(% ¢- r+ (FZ va 2) (5 8 — s?4 84 i)" 
15 6 3 3 3 


. G Oa gta 2 s” se 8 ] 0 
— Ss s~ — g ~ — oa» = —_ = 
Tg 3 )) ic ae ek ot he 


(4) 





* In order to prove this, we find, by differentiating the equation ve =a + bx + cz’, that the 


b 


depth of maximum velocity is 7; = — = BD in figure 3, or 2BD = — . = BH + BH' 
, c 
=h+h.. 




















This equation will give only one real value of r corresponding to any real 
value of s; proceeding as before we find by Sturm’s Theorem when s = — 0.75, 
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Y YRkRh kh, R; 
Fe ft gt ee?) Or 41.36 
forr=—2 —-— + ——_— — + three variations ; 
forr=+n +++—_-_ 5+ + two variations. 
The equation has one real root. 
The following table gives the values of r corresponding to different values 
of s: 
TABLE 3 s negative 
a | se is ¥ ill 7 i me j 
—8 ? —s| ¢ — 8 r |—s8 r |-8 r —s; fr 
| | | 
R 0.700.7149 (0.800.7372 0.900.7645 1.00 0.8053 1.10/0.8644 |1.200.9372 
| i 
.71) W7171 =| O81 67395) 91) 27679 (1.01 .8104 (1.11) .8713 |1.21) .9449 
f2) 6.7193 | 82 67419 | 92) .7714 (1.02, .8157 (1.12) .8783 |1.22, .9526 
1 73) 6.7215 | 83) 67444 | 93) 07750 11.03 .8212 1.15) B54 [1.23 .9603 
74.7237 | 84.7470) 0 94 07787 1.04 18268 1.14) .8925 ie 9681 
7 75) 67259 | 85 TANT SD 7826 61.05 18326 11. 5] 8997 {1.25 9759 
76) 67281) 860.7524 96) 7867 1.06 £8385 ai 9070 [1.26 .9837 
77! .7303 | 87.7552) 97) 67910 (1.07 8446 ae 9144 |1.27 .9915 
78.7326) 88.7582 | 98.7955 1.08 .8510 1.18) .9219 [1.28 .9993 
79) 6.7349 0 BY 276138 ) 99) 280038 (1.09 68576 1.19 9295 |1.291.0071 
The velocity of a tube of given length, when — 4/c is greater than 2/3, 
: ean be found by the use of table 3, in the same manner as already shown in 
connection with tables 1 and 2. 
ArticLe 4. The problem of finding the velocity of a tube of given 
v : length is of less practical importance than that of finding the length of tube 























whose velocity shall be the same as the true mean velocity of the current in 
the same vertical line, and taken from the surface to the bottom of the stream. 
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We will call this the equivalent length, and designate it by Z. Resuming 
equation (1), and arranging the terms with reference to the powers of /, and 
writing Z for /, we have 


DP 6b BP Qe eb e 16 5b 3h .. 
—w- - | Pw -- P24 LL -— P—-.-H-.-—F 20 
(5a 5 5)2 sa 8a" SE “s3" “ie 
in which ec = (bc) h +47. In order to show that this equation has but 
one real root, substitute in it — 1/2 for 4'c, and we have 


Y XN, RAR Rh R; 
BL L-L'-L +0.06 


for L=—x ~- & — - & + three variations ; 


for L=+2 + + + —- = + two variations. 


The equation has one real root. In order that Z in this equation may 
represent the equivalent length, % must be determined by the condition that 
the velocity of the water at the depth / shall be the same as the mean velocity 
of the current, taken in the same vertical line as the axis of the tube, and 
from the surface to the bottom of the stream. But this mean velocity is given 
by the following expression : 


h c 


1 a | 
vdx =| (a+ ba+cx*)dr =a+-4+-. 
Jo Jo 2 3 


Therefore the condition for determining h is 


ij ‘ 
a+bh+cM=a+5+ 5 


h ro a 
ha=-— - + (5) = poe 
2c" Vioe) T3138 


Using this value of A in equation (5) we obtain the following values of the 
roots, or equivalent lengths, corresponding to different values of b/c, and 
corresponding to the case discussed in Article 3. 
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TABLE 4 





L 


0.976 
0.977 
977 
.978 
.978 
979 
.979 
.980 
.980 
2.9 -981 








0.949 
951 
954 | 
956 | 
958 
960 
962 
964 











Corded dike we ot o> 


el a nn | 

















ARTICLE 5. We will next determine Z when the eateahiy of in tube is 


greater than the surface velocity, which is the case discussed in article 3. The 
condition in this case, expressed analytically, is as follows : 
b 
a+bh+ch? >a, or a ey 

and from the formula for’ as given in article 4, we find that when /c=— 2/3, 
h = 2/3, and that when 4/c is negative and numerically greater than 2/3, 
—b/e>h. Therefore it is evident that for such values of b/c equation (3) 
must be used to determine L. 

Arranging this equation with reference to the powers of /, and writing L 
for 7, we have 


Ib (2? ‘ nef 
bp ta“t+Ga-3 5) fr a4 3* 


(6) - S(a-m)+ 262 (#- it) + (= Fa) (#- —18) 
= 2(i4— 2) - 5(# 2) = 0, 


in which e/e = bh/c + h?, and kh, = — b/e—h 
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For any value of Z given by equation (6), and corresponding to a given 
value of b/c and the following values of A and /,, viz: 


b b\? 
m+ V(s.) + 
b bx? 


h=—36- \(5) + 


there will also be a value of Z given by equation (5), in which /, is to be used 
instead of h. 








It is seen by inspection that the coetlicients of the correspond- 
ing powers of Z in equations (5) and (6) are identical, for a given value of 4c. 
Moreover these coefficients will be the same whether / or /, be used ; for 


we have h+ 4, =—4¢, and multiplying both members by A — /,, and 
transposing, we find 


L l 
-h _ i? = ; h, he = ud 
c c 


It follows that for the same values of 4c, equations (5) and (6) will differ 
only in their absolute terms. When 4 ¢ = — 2.5, one value of Z is zero; 
that is a surface float will give the true mean velocity. 


Applying Sturm’s Theorem to equation (6), after substituting — 0.8 for 
i/c, we have 


X AN, # Rh kh R; 
is L* LE?-L + 0.45 
for L=—~-x 


| i 
— + 


+ + + three variations ; 


for L=+n e + + 


a two variations. 


The equation has one real root. 


The following table gives the two values of Z corresponding to the same 
value of 4/¢, the numbers in the second column being roots of equation (5), 
and those in the last column roots of equation (6) : 
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TABLE 5 
L (5) L (6) 
0.050 0.929 
196 941 
9 393 951 
1.0 .600 .929 
1.01 6353 .918 
1.02 .676 .900 


1.03 .804 .804 
ArTIcLE 6. The method of determining the values of the constants, «, 
6, and c, in the formula v = a + bx + cx’, will be briefly described. In the 
second column of the table at the end of article 1, are given the values of 
observed velocities at proportional depths, and from these data the equations 


of condition are written as follows: 
a = 3.1950 


0.16 + O0.0le = 3.2299 
20 04¢ = 3.2532 
3b 09 = 3.2611 
4b l6c = 3.2516 
Ob .25¢ = 3.2282 

.36¢ 3.1807 

.7b 49¢ = 3.1266 
a 8d .64¢ 3.0594 
a+ .96 +  .8le 2.9759 


a 


a 


a 


a 


a 


a 


a 


+++ ete tt 


The normal equations, formed from the above equations of condition, are 


as follows: 
10a + 4.56 + 2.85¢ = 31.7616 


4.5¢@ + 2.856 4+ 2.025¢ = 14.0896 
2.85a + 2.0255 + 1.5332c = 8.8288 
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The solution of these equations gives 
a=+ 3.1952, b=+4 0.4424, c= — 0.7602. 


Articte 7. It was stated in the first part of article 2 that the hypoth- 
esis of an impulse and resistance of fluids proportional to the first power of 
the velocity necessarily involves the assumption that the equivalent length of 
a tube is always equal to the total depth of the stream at the point of im- 
mersion. 

As this case is very simple, we will give the analytical proof. The equa- 
tion expressing the conditions of the equilibrium of the forces acting on the 
tube is 


h ‘ 
/ (v—v')de -| (v' —v)de, 
J Jh 


Substituting the values of v and 2’, integrating and reducing, we have 


i? hb a 
3 + Jc l=? + h. 
7 


In order that 7, in this equation, may represent the equivalent length, we 
must have 


b 7b? & l 
ia: = — + ae id 4 
2c Ne ? 2c * 3 
Substituting this value of / in the above equation, and writing Z for 1, we 
have 


h 
2c 


whence 1 = 1. In the same manner it may be shown that the value of Z 
derived from the equation, 


h, l . 
[ (v' — v)dzx + i (ev — v)dz = I (v — v')de 
Jo Jh hy, 


is always equal to unity. 
: . ? 34 
The value of the second root in this case is 1 = -(1 + ‘) , and this is 
zz ¢ 


always positive and real and ranges from () to 4. 
When 4/c = — 2/3, its value is 0, which is the same value that obtains on 
the hypothesis of a resistance proportional to the square of the velocity. 
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ArTICLE 8. We have hitherto assumed that the tube in floating main- 
tains a vertical position, and it is now necessary to prove that this is true 
within practical limits. For this purpose, we will develop a formula for finding 
the inclination of the tube. We shall consider only the case discussed in 
artjcle 3, in which from the surface to the depth h the velocity of the water 
is greater than the velocity of the tube, while for depths exceeding h the ve- 
locity of the water is less than the tubular velocity. 

Since in this case the moments of the forces acting on the tube all tend to 
produce rotation in the same direction, it will be the case in which the inclin- 
ation of the tube is greatest. The case is represented in figure 1, the tube 
being denoted by LP; LN is the portion of the tube that projects out of the 
water, OP the weighted portion of the tube, and # its center of gravity ; 
NP, the immersed portion of the tube, is the part that we have designated 
by l,or L; NJish. 

It is evident that from NV to J the forces acting on the tube, at right 
angles to its axis, all act in the same direction. Call the sum of the moments 
of these forces taken with reference to J, .4,, and the sum of the moments of 
the forces acting in the opposite direction, from J to P, M@,. The sum of 
these two moments must be equal to the moment of stability of the tube, or 
M, + M,= WC sin f, in which W is the weight of the tube, and is equal 
and opposite to the upward thrust of the displaced water, C sin / is the arm 
of the couple of these two forces, and / is the angle of deviation of the tube 
from the vertical. Whence 
M+ ™, 

We 

Prof. Rankine in his “Applied Mechanics,” article 652, gives the follow - 
ing formula for the pressure of a current upon a solid body floating or im- 
mersed in it: 


sia f = 


v? 
R=kD 29 A, 


in which # is the pressure in pounds, / a quantity depending on the figure 
of the body (equal for a cylinder moving sideways to about 0.77), D the 
weight of an unit of volume of the fluid (62.3 Ibs. for water), v the velocity 
of the current in feet per second, g the acceleration of gravity, and A the 
greatest cross-section of the immersed portion of the body, taken at right 
angles to the direction of motion. 
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Substituting these values, the formula becomes 






wa ES fe 018A. 
64.4 






In order to apply this to the present case, we write (v — v’)? in place of v*; 


calling r the radius of the tube, we have ul = [ 2erde, in which 2” is the total 





depth in feet. 
We may now write the following expression for the sum of the forces 


acting on the tube from .V to /: 













US STO a LE ce ae 88 SPARE r " a ote 


*h 
P,= 0.745 | (v— vy)? 2rr'dy . 
/0 
The sum of the moments of these forces, taken with reference to J, is 


h 
M, = 0.745 x 2rr | (v —2r")2(h — vr) dz. 


JV 


We have also the following expression for the sum of the moments of the 
forces acting on JP, and taken with reference to the same center of moments, J: 


7) 
M, = 0.745 x 2rv' | (v’ — v)*(x — h)dz. 
Jh 


Pertorming the indicated operations, and adding the expressions for .V, and 
M,, we have 


i 
M, + My = 1.49 rr? [- ( . 


9 
” 
Cc” 


L a /}; 4 
Ie + 2 , MA + i) L4 ( ea b k2 4 h \p 
c 2 ¢ - 


/ 2 4 } /* h 2h 
= os es 43) — a = ak Pag 4 i) 
(; L- 3 “yt ( b+ ia)! G : )! 
i? 66 .. 11 i 
J. ns 4 pas o Ea 6 
ge +5574 f+ s |: 


Calling the quantity within the brackets 4, we may write 


M, + M, = 1.49rr"2?B. 
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If / is the equivalent length, B will be a function of b/c, and the follow- 
ing table gives some of its numerical values : 


TABLE 6 
— b/e B 
0 0.02328 
1 .01836 
Si .01410 
3 .01046 
4 00736 
oO .00498 
06 .00318 
4 .00231 


Since the weight, W, of the tube is the same as the weight of the dis- 
placed water, W = 62.37r°r'l. 

The arm C sin f, of the couple, which forms the moment of stability, is 
the horizontal distance between two vertical lines, one of which is the line 
drawn through the center of gravity, J?, of the tube, and the other the line 
drawn through the center of gravity of the displaced fluid. Hence 
C= (V2 — RP)r’, and putting LP = l/m, we have C = (m — 2)Ir'/2m. 
Substituting these values of WM, + J, W, and C in the formula 
sin f=(.V, + ,)/ WC, we obtain 


in f 2.98meDB 0.01523meB 
sin — = . — —. 
62.5arl?(m — 2) r?(m — 2) 


Assuming m= 5 and r = 1/12, which were the proportions adopted in 
the Lowell Hydraulic Experiments, we have 
taal 0.3045 Bet 
sin f = ——_,—__ - 
. L; 


By means of this formula was computed the value of f given in the table 
below. It is seen that the deviation from the vertical is very small, 
and that the tube may be regarded as practically in a vertical position. 

The following table gives the results of the application of the preceding 
principles in determining v, Z, and f- The data for the construction of the 
table were taken from ‘*The Roorkee Hydraulic Experiments” of Capt. Allan 
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Cunningham, a reference to which was made in article 1. In the work de- 
scribing these experiments Capt. Cunningham has given an able investigation 
of the theory of rod-motion, found on pages 240-246. The first column of 
the following table gives the number of the series of experiments, each being 
the mean of several trials. The second, third, and fourth columns, give the 
values of a, b,and c, respectively, as determined by the method of least 
squares. 

The sixth and seventh columns give the values of the equivalent 
length Z, which sometimes has one and sometimes two values, corresponding 
to the same value of }/c. The eighth column gives the value of f to the 
nearest minute, which is the deviation of the tube from the perpendicular. 


ROORKEE HYDRAULIC EXPERIMENTS. 


TABLE 7. 





No. ( No. 











an a b c b/e L tS BA a b c bfe | L f 
1 4.25 0.07 O88 0.08 0.943 18’ 21 '4.44 0.03 0.57 09.05 0.944 | &’ 
2 |} 4.33) .33)1.15| .29| .934 17 22 {13.51 71/) 1.23) .§8! .926 7 
3 3.84 .36 1.25) .29 .935 20 23 | 4.29 10} .83 1 942] 14 
4 (3.48) .49'1.27; .39 .930 15 24 (3.41 26; 8&9 29) .935 10 
> 4 61 ne} 4-83 65 925 0 4 25 |3.89 4 On} B35 032 10 
6 4.27 65 99 66 925 0 3 26 «POF 67 1.39 18 927 13 
4 (4.07; .52| 99) 53! .926 5 27 |3.34| .30) 85) .35| .932 8 
8 4.06 38; 89) .43 .929 6 28 284 03 60 OS 947 
9 431 49) 92) 53 926 5 | 29 '239!1.12/ 101/111] “see 

10 4.50 16 | 5d) 29) 9385 4 30 | 2.46) 1.49 1.50 (99 93110579 
11 4.05 51) 97) 53 926 5 31 2.74/1.09/112 (97) .936| .538 
12 3.81) .47/1.20) 39, .930 13 32 | 3.07) 1.43) 1.57] .91 040 | $153 
13 4.06 55 | 104 53 .926 6 33 | 3.15] 1.34/ 1.32) 1.02! .900] 676) 
14 3.89 .8411.26) .67: .925) O 4 34 | 3.55) 1.64) 2.09 7S 939 | 167} 
15 4.10 .47) 92) .51 > 926 5 30 0644. 18 7351.36) .54 026 | : 10 
16 3.99 47 1.07 44 929 9 36 416] 61/128 48 928 11 
17 3.76 561.12) 50 (927 8 | 37 412! 26) 93! (88 ‘936 12 
18 6.43 43) 72 60) (926, 2 | 38 3.63/124)1.58| (78 (9301 v16y| 
19 6.05 .33| 11/300) ¢ | eo oo | 
0: 2 | peg ‘981 39 |3.91] 6511.14! .57| .926 6 
Po ges ‘eee | | | 
9 : aa ; oe | | | 
20 5.65 .16|} 85) .20! 939 12 40 3. 15) l 35 | ize 78 939 167 





Boston, Mass., 
Juy, 1909. 
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GENERALIZED GEOMETRIC MEANS AND ALGEBRAIC 
EQUATIONS 


By Orro DuNKEL 


Ir has long been known that the arithmetic mean of n positive quantities 
is greater than or equal to their geometric mean and several proofs of this 
theorem have been given, one of which is due to Cauchy.* It has also been 
shown by Hamy that, if all the geometric means taking p of the n quantities 
at a time be added and divided by the number of means thus obtained, the 
result will be greater than or equal to the corresponding result taking p + 1 
at a time ; tf thus showing that there is a descending series of mean values 
beginning with the arithmetic and ending with the geometric mean. 

The object of this paper is to show that a theorem in regard to the roots 
of an algebraic equation ¢ leads almost immediately to the above theorem in 
regard to the relative magnitudes of the arithmetic and geometric means and 
at the same time establishes that there is another descending series of means 
intermediate in magnitude between these two and of a form different from 
those of Hamy. 

The inequalities thus obtained may be used to derive sufficient conditions 
for imaginary roots of an algebraic equation, and a fairly simple set of such 
conditions will be worked out. 

It will also be shown that all of these means can be represented as special 
values of a function of the n quantities and a continuous variable x, so that 
this function of 2 will be a continuous mean. <A theorem in regard to this 
function will be used to derive the inequalities of Hamy and also a few other 
inequalities existing between the different kinds of means. 

A Descending Series of Generalized Geometric Means. We 
shall prove the following theorem : 





* Cauchy, Analyse algébrique (1821), p. 457. 
+ M. Hamy, Bull. des sciences math., ser. 2, vol. 14, part 1 (1890), p. 108. If we repre- 
sent the number of combinations of n things taking p at a time by the symbol ,,C,, then the 


inequality above is: 
1 1 


S (my mz ms... mM,)” S(m, moms... M41)? t+! 


itt n Cy wm +1 





IV 


A proof of this is given on page 30 inequality (24) of this article. 


~ Dunkel, ANNALS OF MaTHEMaTICs, ser. 2, vol. 10 (1908), p. 48. 
(21) 
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Tf my, my, mg, +++ m,, are real and positive numbers, then: 


v v ) 5 Ss j 
Pat7 7 =m, milly Mo iit: x : 
(1) tet) at ie a 4 = (My Myiy + + + My)", 
C’ ee - * 
n“2 n“3 


I 


n 


where Sm, ms m+ ++ m; means the sum ofall the products of the m’s taking i of 


nr. 


them ata time, and of which there are ,C; = a7 -) ,s the equality sign 
i 2.(—a2). 
holding for any two means not zero only when my = my = my = +++ My. 
The x positive numbers 17), 22, my, +++ m, are the roots of an algebraic 


equation of the xth degree, which it will be convenient to write with bino- 
mial coetticients as follows : 


(2) x" — na,yx"®—) 4 ,Cyagx®-2? — «-- +(— 1), Crag" 7) + +. +(— 1) "a, = 0, 
where ,Cya; = = myingms «+ + m;. 


Let us suppose at first that no w is zero; then no member of the series 
(1) will be zero and each 4; in (2) will be positive and not zero. Since the 
roots of the equation (2) are all real, the relation 


(3) a2 4;_1 Ways a= 1,2, 3,---m = 
must be satisfied,* and this can be written as the continued inequality 


(4) ay > ay > a3 — a; : 4.4 caren a, 9 a, 


] ae a, @; 1 a uf > a 


‘ “ Ps n= | 


a _ Aza, 
[_—” «&* 
Ms 44 
a a; 
(5) “3 5 “i4) 
—_ ’ 
a, a; 
MG _ a4 
a; -) 7 a; ; 





* Dunkel, loc. cit. 








(6) 
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and, on taking the product of the left-hand sides and the right-hand sides, 
we have: 
~ (% 41 


i 1 1 
a,;z2 att), or a;*'2ai,,, oF ajzat'y i=1,2,3,---n—1., 


Inserting the value of the a’s given in (2) we have the first part of 
theorem (1) for the case in which no m is zero. 


If some of the m’s are zero, say m, 41) = Ms49= +++ mM, = 0, but no other 
m is zero; thenin (1) all the expressions after the sth are zero, and in (2) 
the last a not zero is a,, while in (4) the last ratio that we need consider is 


—.. The reasoning then follows just as before. 


If all of the m’s are equal it is clear that the equality sign must be used 
in (1) throughout, and we have just seen that, if some of the m’s are zero, 
the equality sign must be used for all the relations in (1) after a certain one. 
We shall now show that if two of the expressions in (1) are equal and not 
zero, then all the m’s must be equal. To prove this it will suffice to show 
that, if not all the m’s are equal, aj > a,, since from this inequality it follows 
that in the first relation of (4) and of (5) the inequality sign alone must be 
used, if a; is not zero, and finally the same thing must be true of (6). 

That aj > a, can be seen to be true from the fact that, if all the roots of 
a polynomial are real and at least two are distinct, the same thing must be 
true of its first derivative ; and repeating this reasoning on each derivative 
in turn we reach the conclusion that the (n — 2)nd derivative which in this 
case is x? — 2a, x + ay, if we drop off a numerical factor, must have real and 
unequal roots, and therefore the inequality stated above must be true.* 





*This may also be shown directly as follows: 
. if_ew«. * + 1 . « : - 
D ca las a Sm)? — =m, me |= —| Sm? ———— Smm |= —_— S$(m,— mz)** 
oo ak md n—1 : | n? to an-—l ; n?(n— 1) _ ) 


Therefore aj — a: is greater than zero, if at least two m’s are not equal. 
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This completes the proof of theorem 1.* 


Application to Algebraic Equations. It has been shown in a 
previous paper ft that, if any equation written in the form: 


(7) a®+ nayx"—!+ ,Cyaga"—*? +--+ + nCaum—i +--+ +nad,_,x+a,=0 
has only real roots, then the following equation : 


(8) Am —1%' + a! =* _ Cdn 4 x? tee et (COn4i-10~! + 
aa (Am 4+¢—22% a Am +¢t—1 = Q 


has also only real roots, and therefore ¢ real roots, if @,_, 4 0. 

Let us suppose that all of the roots of (7) are real and also that a,,_, 4 0, 
then, if we indicate the roots of (8) by a, a3, a3,---a@,, the numbers 
ai, a3, aj, - - - aj are all positive, and we can apply to them any one of the ine- 
qualities (1), which we have just proven. This can be very readily 
done since it is a very simple matter to obtain the equation whose roots 
are the squares of the roots of equation (8) ;} and the coefficients of this 





*In proving this theorem we made use of the fact that all of the m’s and co.sequently 
all of the a’s were positive; but (3) is true even if someof the m’s are negative. Thus for 
any real quantities: 


Sm, m.... m7? sd m1 Emmy... m Mm. 1 _ 
" g@r = jeaannar ay ali + cans F 


This can also be shown without the use of theorems on the roots of algebraic equations 
by a direct but somewhat tedious reduction of the left-hand side of this inequality to: 


2 
we i? (=) p fom - m)*| Scmoms oe em —1)°+ 73 L(mgmy. . . m,—2)*(Lmy_1)"+. 


+ 7 Ecmsms. ee m,)?(lm, 21m +2 - -om_—1)* +.. | }. 
This expression is always positive if the m’s are real. The equality in the preceding foot- 
note is the special case of this in which i = 1. 

+ Dunkel, loc. cit., p. 47. The above statement of the theorem is different from the 
original but is easily seen to be equivalent to it. From the proof given of the theorem 
it will be obvious that we might have used the reciprocal equation to (8), i. e., an equation 
with the coefficients of (8) in reverse order; and this fact will be used in connection with (11). 

; Cf. Burnside and Panton, Theory of Equations, vol. 1, p. 78. If we represent the left-hand 
side of (8) by f(x), then the equation whose roots are the squares of the roots of (8) may be 


written : 
Kya) -S- y2"= 0. 


BE BO LE 











new equation furnish all the expressions such as Daj a} aj - - - a3in terms of the 
a’s of equation (7). In this way we should obtain a number of necessary 
conditions for the reality of all the roots of (7). We shall work out one of 


_-—~— 


the simplest of these sets of conditions, making use of 


2 2 "er": 2 1 
(9) ESTE a aids ++ 0d, 





which follows from (1). From the equation of the squared roots of (8), or 


otherwise, we have: 


: = 
oitalt--- +a} = (M2) 2(t ~) Sa+!) 

















m—1 2 An—1 
C t-—1 a . 
= -— (ai, — - ' tag? . . a? = “ate=2) 
a—(% ~. “m-1 m+) at bes a omy iB 
, : , eo t 
and inserting these in (9) we have, after division by a 
m—1 
» 
» ‘€-1 Ip o-} | s 
(10) an — i An — 18m 41 = 7 Onin ge —1 | ’ dn —1 # 9. 
If we use instead of (8) the equation 
7 (11) Am 442! + lye —' + Cyt, — xt? + cee + eC im — 54.8) + tee $n _441=9, 


which must also have ¢ real roots, we shall find by the same reasoning : 


. . t—1 ‘f= i 2 
(12) a, — An — 14m 41 = 5) On 4 1Mm—041] » An+1% 0. 
t t 


+) aha se iamadie 
ees 





Biases. 


These results may be stated as follows: Jf either of the inequalities 


¢—1 1 


1 a 2 2 
(13) .-—— Am —14%m 41 < 1 [m1 ge] ’ An —1 #9, 


if s.} s 
< | anf 1%m—e41] ’ An+1 #9, 


is satisfied for any values of m and t, then the equation (7) has imaginary 
roots, 
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This test may in special cases indicate the presence of imaginary roots 
when the test previously given*fails, that is, when @),— 4,,—1 m41 = 9, and 
so may be regarded as a supplement to that test. 
A Continuous Mean. Regarding m,, m;, ms,---m, as positive 
numbers no one of which is zero, 
z z z 1 
m+ms+ee+ +m - 
(14) y =( ime): 


n 





is a continuous function of the real variable x for all values of x except x = 0; 
and it will be seen later that y can be so defined for x = 0 as to be continuous 
without exception. ft 

It is clear that for any value of x for which it is defined, 7 is intermediate 
in value between the largest and smallest of the m’s; also for x = 1 it is 
the arithmetic mean of the m’s; for x = — 1 it is the harmonic mean ; and we 
shall now show that y increases with x except when all the m’s are equal; and 


that 
Lim y = m, where m, is as smallas any other m, 
°‘=—st 


(15) Lim 


cao Y =(mMmyng+ - +My)", 


1 


a yy = M,, where m,, is as large as any other m. 
z= zx 
The values of these limits can be found by putting them in the following 
form : 

Lim y = Lim (e'°67) ; 


so that it suffices to find the limit of log y in the several cases. Taking first 
the case of x = 0: 


Lim log y = Lim 
z=0 z=0 


log (mj + my+ +++ + mi,) — log (mj + my +--+ +m) 
x ii linitin ital 


d 
7 > log(mj + m,+-++4 M,) |2=9 =log(mymyng- + - my)" 


. 1 
Therefore, Lim y = (mymym, - - - m,)"" 


z=0 





* Dunkel, loc. cit., p. 48. 
t Only real and positive values of m’ and of y are considered. 
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In order to find the limit for x = — «©, we have supposed that m, is as 
small as any other m; then: 
m. 
Li Li sind (mn) * +(=) 
Pon ee log y = log m, + aim | = 1 
= log m, where “2 21, 


1 
since the limit on the right in the first line is zero, This completes the proof 
of the first two limits in (15) ; and the third limit is found by replacing x by 
—z and proceeding as before. 

It remains now to show that y increases with x; this will be done by 
showing that 


: = =mjlogm 1 rnj 
(16) glial log ( = )]: x #0, 


is always positive. Let us suppose then that the value of = is fixed; to sim- 
plify the proof we shall write 











1 
m; = b;, or m; = bi's 


and then (16) becomes: 


(16’) oY a Si, ak b; log b; — 28; - tog (~ ) |: 


Since the part outside of the square brackets is always positive, it is 
only necessary to show that the expression within is positive. Remembering 
that 4), b,, b;, --- b, are fixed, we shall examine the following function of ¢, 
where ¢ is positive : 


(17) u= od, log b+ Hoge —(SYh + ¢) ln 2h+e 
1 1 


r+1 
fora minimum. Its derivative with respect to ¢ is 
S a OO e 1 
b+ ’ 
(18) a p> it" V_ log 


—_ t=) 
dt g oo 7a +1 


2 ER Sah SS > 
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and therefore 


du , Iw s s! 5°, 
(18’) = s 0 according as Dae er eS > 7 at 


ed 
and this tells us that u has for ¢ = >> its minimum value, which after reduc- 
1 


tion is 
(19) >> log b, -S oe (2 > ») 


We have then, putting ¢ = 4, , in (17) 


r 


(20) Up4, ZU, according as rei F yh ; 


—_ 
1 


Giving r in turn the values 1, 2, 3, --- , and noting that u, = 0, we have: 
(20') Un ZS Ug, S2Un_g=... ZU 2H 2u,= 0. 


If there are two 4's not equal, we may consider them as 4, and 4,; and 
from (20) we see that in this case u, > u,; = 0, and therefore wu, is greater than 
zero. Since u, is the expression in the brackets of (16'), this completes the 


proof that, if not all the 4’s are equal, i. e., if not all the m’s are equal, Z, 
a 


is always positive. This also furnishes the proof of (15). 

If then for x = 0 we assign to y the value of the geometric mean of all 
the w’s, it is easily seen that this completed definition makes y a continuous 
and increasing function for all ralues of x. 

The case in which some of the m’s are zero can now be easily treated ; 
for, if we suppose that there are n + & of the m’s of which the first n are each differ- 
ent from zero but m,41= #%,j42= +++ =m, 4, = 0,then (14) may be written : 


(21) y= Ct - lll, mss = , 2>0, 


and we may define y as zero when x = 0. 
The first factor in the first expression for y has already been shown to 
increase with x, and it is easily seen that the second factor also increases with 
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a and approaches unity as x becomes infinite through positive values, but ap- 
proaches zero as x approaches zero through positive values. Hence in this 
case ¥ increases with x for positive values of x and approaches the largest m 
as x increases indefinitely. 

From what preceeds it will be seen that if we define a function of x as 
follows : 


(22) 





’ 


my + MS ++-+ + + mM, F 
y =( 
Pp 


where none of the m’s are zero and p ¥ x, this function of x will be discon- 
, . , — n\ 1 , , 
tinuous for x = 0 owing to the discontinuity of (*) = at this point. 


Derivation of Inequalities between Several Forms of Means. 
In what follows we shall suppose that none of the m’s in the expression (14) 


for y are zero; and in this case, if x and y were plotted, we would obtain a 
continuous curve rising constantly from the least m at — o to the greatest m 
at + «© and passing through the harmonic mean at — 1, the geometric mean at 
0, and the arithmetic mean at + 1. Also y must take on each and every value 
between the least and greatest m once and only once. It follows then that each 
of the means which have been mentioned here, and indeed any mean whatsoever 
of these x numbers, must be represented by a single point on this curve. After 
proving the inequalities of Hamy, * we shall derive certain other inequalities 
which give some idea of the order in which the different means are located on 
the curve. 
In order to prove that: 








v v as j L 
Lm L(y = (m,myn, LU 
(23) 2 ( s 2) = cm : s) 2.++-Z(mym mz +++ m,)” 
me aC, nC 
we shall apply (15) which tells us that 
1 P 1 p+ 
U(mMymyms + ++ My)’ | _ | V(mymymg - + - M,)’*! ; 
a a = y 5 
aly aU, 


1 
but from (1) we have, after replacing m; by m,;>+i, , 


é 


1 1 1 1 
=(mymgms +++ My)? **  _ | T(mymymy + - + My 41)? *! PTT 


n Cp ™ n Cp +1 











* Loc. cit. 





tS Seale hy Sens SaaS 


POM Ad 





a ee See ee 


vw, a> Seen e 


ee ee aa 


ek 


~ 


s 





30 DUNKEL 


From these two inequalities we have 


1 1 p- 1 
p »+ I , 
V(mMymgmg + + + My)’ — | V( Mpg + + + My)! , 


»? Ms . 
-_ aU, i a 








1 
T(myMging + + + Mp4)? *' 


ite Fr , 


eVe+1 





and this gives the relations in (23). 
From (1) it follows on replacing m; by m,’ that: 
1 1 1 “Vy ! 


(25) my + My? + Myr +--+ +m," | — (Lmymymg- + + my)?’ 
25 es Se ee . 
iv B P 


Corresponding members of (1) and (23) may be compared as follows : 


' f 1)? 1 
, TiMnyMyis + + + ’ | (mymgitg + + + my)? | PP 
oo Pee ST. 7 
C Cc 
n™?P np 


1 

y ; 
Dd (My Wstig + + + M,)? 
re (ny Mys p) 


& ’ , 
nf Pp 


the inequality in the above following from (15), since p 2 1. 

Thus each member of (1) is greater than or equal to the corresponding 
member of (23). 

It would be interesting to have other inequalities corresponding to (25) 
which would show in what intervals on the x axis each member of (1) and 
(23) would appear when plotted on the curve of (14). 

Approximations to the Roots of Algebraic Equations. [If it 
is known that all the roots of an algebraic equation are real, the properties of 
the function y in (14) may be used to obtain approximations to their absolute 
values. Let us suppose that the roots arranged in order of their numerical 
magnitude are mm, m3, iz, +++ m,, 80 that m, is as large in absolute value as 
any other root. If now z takes on only even integral values, the results in 
(15) will still be true with a slight modification, whether all of the roots are 
positive or not, and this modification consists in replacing the m’s by their ab- 
solute values in the values of the different limits; thus two of the limits in 
(15) would now read : 
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Lim y =|m,| ; Lim y=|m,|. 
z=-” zr=+0 


If then to x is assigned the series of values 2, 4, 6, 8, - - -, there will 
result a set of increasing values : 


Yo<Y¥a<Ya<-*'s 
which will approach | m,| as a limit. On the other hand, corresponding to the 
values —2, —4, —6, —8, --- of x, there is a descending series : 
Y-2 > Y-4 > Y-6 > Y-s>°°: 


approaching || as a limit. 
Considering next the following function of x: 


we would obtain in the same way a set of increasing values corresponding to 
increasing values of x and approaching |m,_,||m,| asalimit. Taking the 
quotient of (14) by (27) we obtain a function of x: 


=(mym_)* n : 
=mj =A , 


which will approach |m, _,| as a limit; and in general 





1 
(28) =(mym,.. . My)* p y 
U(mymg. . . My_;)*7 N— pt] 


will approach |, _—,4+ | as a limit as x increases indefinitely. 

The numerical values of the expressions =(m, m, - -- m,)* in the succes- 
sive approximations (28) can be obtained most easily, if we consider only those 
values of x which are powers of 2, by forming the equation whose roots are 
the squares of the roots of the original equation ; * then the equation whose 
roots are the squares of the roots of the equation just found and so on: so 
that if the ¢th equation thus found is: 


24+ CY 2-14 CP ee—-24...4 CO_124+ CL =), 





*Cf. footnote { page 24. 
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of 
- 


. . 9 y . _ 
then its roots are m?, m?, m? . - - and the numerical value of = (7, mg mg- - + my) 


is (— 1)? C;?. Inserting these values in (28) we have: 








1 
M Cw Pp = 
: 9¢ eo wee lee : 
; - [ Cy-1n—pt | 





as an approximation to |m,_»41|- Forming all the n expressions (29) 
corresponding to the given equation, all of its roots may in this way be ap- 







proximated simultaneously.* 







CoLtumBria, MISSOURI, 
APRIL, 1909. 












*Cf. Netto, Algebra, vol. 1, p. 290-297. On page 292 the approximations to the three 
roots of a cubic are worked out. The expressions in Netto corresponding to (29) above do not 
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THE GEOMETRY OF CHAINS ON A COMPLEX LINE * 
By Joun WeEsLEY YOUNG 


Introduction. This paper forms an elementary chapter in the projec- 
tive geometry on a complex line, i. e., of a line whose points are isomorphic 
with the system of ordinary complex numbers and infinity. It furnishes a 
synthetic treatment of certain well-known topics in the theory of functions of 
a complex variable ; it has close contact with recent work on the foundations 
of projective geometry ; finally, it forms the basis for ‘certain generalizations, 
which offer a powerful synthetic approach to various analytic problems. To 
this last aspect of the paper I shall return in detail on a future occasion.t The 
first two aspects I discuss briefly in this introduction. 

But first, in view of the fact that the notion of a chain of points on a line 
does not appear to be generally familiar, it seems desirable to describe it 
briefly. This is most readily done in analytic language. Any point of a 
projective line may be conveniently represented by a single coordinate 2. 
If the points of a line are hereby brought into one-to-one correspondence 
with the ordinary real numbers and infinity, we are wont to speak of a real 
line; if on the other hand the points of a line are hereby made isomorphic 
with the system of ordinary complex numbers and infinity we speak of a 
complex line. A real representation of the points of a complex line may then 
be obtained by the usual method for representing complex numbers by the 
real points of an Argand plane. The points of the line with real coordi- 
nate x form a subset © of points on the line :— in the representation men- 
tioned this subset ©, is represented by the points of the real axis. By means 
of a projective transformation on the line the set G is transformed into another 
or the same set ©. Any such set of points € on the line which is projrctive 
with the set © of real points on the line is called a chain on the line. In the 
Argand representation the chains on the line evidently correspond to the cir- 
cles (and straight lines) of the plane. 





* Presented to the American Mathematical Society February 29, 1908. 
+ Cf., however, the last paragraph of the present paper. 
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The contact of this paper with the theory of fnctions of a complex vari- 
able is now evident. The study synthetically of the chains on a line with 
reference to their behavior toward the projectivities on the line and the result- 
ing classitication of the projectivities (into elliptic, hyperbolic, parabolic, and 
' loxodromic) furnishes a synthetic derivation of well-known theorems concern- 
ing the linear fractional substitutions on a complex variable. On account of 
its elementary character this method of treatment may be of pedagogic value. ° 
The notion of a chain has been fundamental in the synthetic introduction 

‘ of imaginaries into geometry since the time of von Staudt.f In the more 
| recent work on the foundations of projective geometry it necessarily plays an 
important role. Pieri has indeed recently chosen the chain as one of the un- 

defined elements in his set of assumptions for complex projective geometry. 

More recently Professor Veblen and I§ have given a set of assumptions for 

projective geometry in which the point and an undefined class of points called 

a line are the only undefined elements, and in which the chain is detined. This 

























paper will in the sequel be referred to occasionally by the letter A. In its re- 
lation to the foundations the present paper forms a continuation of the one 
just referred to, in which it is shown how the fundamental properties of chains 
{' are derived from the assumptions laid down in uf. As may be expected 
several of Pieri’s assumptions occur here as theorems. From the point of view 
of the foundations it is interesting to note that the projective geometry of 
chains on a complex line is isomorphic with the metric geometry of circles ina 
plane. 

ERE From what has been said it is clear that the approach to the present paper 
may be either from the synthetic or from the analytic side. For the former 
reference may simply be made to A. The analytic description of a chain is 
given above. ‘The presuppositions of the paper are given below in section 1. 
They are for the most part elementary notions and theorems of projective 




















*If the isomorphism between the system of complex numbers and the points of a 
complex projective line be emphasized together with the fact that the usual Argand representation 
is simply a real representation of the points of a complex line, the beginner will no longer be 
troubled with the fact that the Argand plane shows only a point at infinity, whereas the 
projective plane has a line at infinity. 

tv. Staudt, Beitrdge zur Geometrie der Lage, Nirnberg, 1857, p. 137 ff. 

; Pieri, Nuovi principii di geometria projettiva complessa, Memorie della R. Acead. d. 
Scienze di Torino, ser. 2, vol. 55 (1905), pp. 189-235. 

§ Veblen and Young, A set of assumptions for projective geometry, American Journal 
of Mathematics, vol. 30 (1908), pp. 347-380. 
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geometry ; in so far as they apply to the less familiar ideas of complex pro- 
jective geometry reference may be made to A, or they may be derived 
analytically without difficulty. In section 2 is discussed the system of invariant 
chains of an involution. Conjugate points with respect to a chain and the 
notion of orthogonal chains are defined and discussed in section 3. The following 
section brings the classification of projectivities into elliptic, hyperbolic, 
parabolic, and loxodromic, and the discussion of the associated systems of 
chains. In section 5are then derived certain analytic criteria. Finally in sec- 
tion 6 the results previously obtained are used to write down a complete list of 
the different types of continuous groups which leave a chain invariant, i. e., of 
those continuous groups of linear fractional transformations which can be 
represented with real coefficients. This section and the paper close with a 
brief reference to the application of the results and methods of this paper to 
the synthetic treatment of the geometric theory of discontinuous groups of 
projectivities, i.e., of the groups of the automorphic functions of one variable. 

SecTion 1. Presuppositions and notation. Points will in general 
be denoted by the capital letters of the alphabet such as _A, B, - - - M,N. 
All points considered are on the same complex line. We assume the follow- 
ing definitions and theorems from projective geometry : 

I. The harmonic conjugate B ofa point A with respect to two others CD 
is a uniquely determined point , distinct from A, C, and D; this is denoted 
by B= H(A, CD). The relation B = /1(A, CD) implies the relations 
A = M(B, CD) and C = H(D, AB). Each of the pairs AB, CD, is 
said to be harmonic with the other ; and the two together form a harmonic set ; 
this is denoted by H(AB, CD). 

II. 1. A projectivity m isa one-to-one reciprocal correspondence or trans- 
formation, whereby to any point /? corresponds a unique point ?’; in sym- 
bols w(P?) = 2”. 2, A projectivity transforms any harmonic set into a 
harmonic set.* 3. A projectivity is uniquely determined by three pairs of 
homologous points. 4. A point W for which 7(J7) = M is called a double 
point of 7; a projectivity is uniquely determined when two double points and 
one pair of homologous points is given. 5. Ifa projectivity 7, is followed 
by another or the same 7,, the resultant correspondence is a projectivity de- 
noted by m,7,; the inverse of a given projectivity m is denoted by m—. 
6. Every projectivity different from the identity has at least one and not 





*Ona complex line properties 11 1,2 are not sufficient to characterize a projective traus- 
formation. Cf. A, p. 373. 
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more than two double points. 7. Any two projectivities with the same 
double points are commutative, i.e., 727) = 77. 8. If and wr ,' have 
the same double puints we have m7 7,7! =7. %. If a projectivity 7 has 
only one double point MW and we have 7(.1-4,) = -t).1,, we have 
H( AA, A, VW). 

III. 1. A projectivity J of period two, i.e., such that 77 = 1, is called 
an involution. 2. Any involution has two distinct double points, and 3. is 
determined uniquely by two pairs of homologous points, in particular by its 
double points; the involution J determined by the two homologous pairs 
AA’, BB is denoted by /(.A4', BL’). 4. If the double points of an invo- 
lution Jare JLV, and if AA’ is any homologous pair, we have //(.A.A, ILV), 
and conversely; a homologous pair of an involution is ususually called a 
conjugate pair. 5. If a projectivity interchanges two distinct points it is an 
involution. 

IV. 1. Achain€ = ABC isan infinite class of points, uniquely de- 
termined by any distinct three of its points .12C. 2. Any class of points 
projective with a chain isa chain. 3. If ?QRare any three distinct points 
of achain, S='//(P, YL) is a point of the chain. 

V. 1. Neither double point of the involution /(.L.1, BL’) determined by 
a harmonic set //(A.1', BS’) is a point of A. 2. Every chain con- 
taining two conjugate pairs of an involution 7 but not containing the double 
points of J has at least one point in common with every chain through the 
double points. 5. Through a point 7? of a chain Gand any point GY not on © 
there is not more than one chain that has no other point in common with © 
than P. 

The last two propositions (V, 2,3) merit a word of comment. From 
the point of view of the foundations, each of them is a consequence of the 
other in connection with the other assumptions made in aA for complex pro- 
jective geometry: one of them, however, is necessary as an assumption of 
closure. In if we chose V, 3 for this purpose, which is there given as As- 
sumption 12 (A, p.371.) The reader not interested in the foundations may 
simply assume these propositions as intuitionally evident from the Argand 
representation ; chosing //(AA', BL’) = (0 x, —11), for example, in 
which case the double points of Jin V, 2 are ¢ and — 7. 


Section 2, The invariant chains of aninvolution. Throughout 
this section J represents an involution whose double points are MN. 
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the double points M, N of I. 


Proof. Wet © be any chain containing the double points and let A be 
any point of ©= |.WNA)|. Then (A) = A'= J1(A, MN) (by I, 1, and 
IIl, 4). Hence A’ is a point of |.WNA) by IV, 1, 3. 


THEOREM 2. Through every point P(¢ M,N) there is an invariant chain 


x 
4 
THeoremM 1. An involution I leaves invariant every chain containing re | 
ce 





i a eta aD 


of I, not containing MN. 

Proof. Let P' be the conjugate of P inthe involution J, and let J, be 
(MN, PP"). The double points QQ’ of J, are harmonic with JZN, and 
hence form a conjugate pair of 7 (IIT, 2, 3,4). But we also have //( PP’, 


ee 
me 


VG’) (IIT, 4). Henee the chain | PQ/"| = | P’QY'P| is invariant under J, Di 
and does not contain the double points INV of 7 (V,1). + 
THEOREM 3. An tnvariant chain of I not through MN is cut by every a 


chain through MN in tivo points harmonic with MN. 

Proof. Let © be an invariant chain not through JV. Then, by V, 2, 
every chain through JLV cuts © in at least one point, which is not a double 
pointof Z. Since every chain through JN is also invariant by Theorem 1, it HS 
follows that every such chain cuts € in two distinct points which are conjugates 
of J, and are therefore harmonic with JN (III, 4). 

Turonem 4. Tf a chain © not through MN meets two chains through 4; 
MN in pairs of points harmonic with MN, it meets every chain through MN | 





* = a are - 

we? SO pe ae BTS hes 

ty se ene 2 3 
Aa dak 


Rimmed 
* 


in points harmonic with MN. ra 

Prooy. Let ©, & be the two chains through .WNV and let .1,23, and in 

A,B, be the pairs of points in which they meet © respectively. Then JLV ae 
are the double points of 7(.4,2,, 4,3B,), and this involution leaves © = ey 


} A, By A!) = | BA, B,) invariant. The theorem then follows from Theorem 3. 


Derinition, A chain & which cuts every chain through two given points 
MN in points harmonic with JV is said to be about* MN. The two points 
MN are said to be conjugate with respect to ©, and each is the conjugate or 
inverse of the other with respect to ©; every point of a chain € is said to be 
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conjugate with or inverse to itself with respect to &. 
Turorem 5. Through any point P(4 M, N) there is one and only one 
chain about MN. 
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* “About” is here used in a technical sense. Cf. Harkness and Morley, Jntroduction to 
the theory of analytic functions (London, 1898), p. 30. 
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Proof. By Theorems 2 and 3, there is one chain © through 2 about 
MY. Moreover, using the notation in the proof of Theorem 2, we can show 
that € = | PY/” is the only chain through ? about WV. For, if ©’ were 
another chain through 7 about JV, C' would also contain /”(fig. 1). Now, 
'QMN| is about PP’ by Theorem 4 and hence & and U' meet | VAILN | in two 


pairs of points VY’, RI each of which is harmonic with 7??/?'. But by 
hypothesis the pairs VY’, 27?’ are harmonic with WV. This is impossible, 
since WVand PJ” cannot both be the double points of 7(QGQY, 27) (IIT,4). 

Corottary 1. The totality of chains ahout tro given potuts MN formes 
an infinite system of chatus no fro of wh ich hare “a pout in COMMA, 

For, only one chain of the system can pass through any given point, and 
there is one chain of the system through every point (4 .W, .V) of any chain 
through JLYV. 

Corotcary 2. The chains through tro points form an infinite system 
of chains. 

For there is one through every point on any chain about the two points. 

THEOREM 6. ln turolution whose double potuts are MN leaves inva- 
riant every chain through MN and every chain ahout MN, and only these, 

Proof. Clearly an invariant chain of an involution must contain both or 
neither of the double points (III, 4). An involution leaves invariant every 
chain through the double points by Theorem 1.0 Every chain about WN 
meets every chain through JV ina pair of points harmonic with WN. Hence, 
any point of a chain about JV is conjugate with a point of the same chain 
(III, 4). Further, every invariant chain not through JV must meet every 
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chain through ALN in points harmonic with /N(Theorem 3), and is therefore 
about ALN (III, 4). 

Corottary. Through every point P(+ M, N) pass two and only two 
invariant chains of the involution whose double points are MN. 

It should be here noted that any two distinct points MN detine two 
infinite systems of chains, viz., the system through J/N and the system about 


ALN, such that through every point distinct from JJ and N passes one and - 


only one chain of each system and such that every chain of one system meets 
each chain of the other in points harmonic with WN. These two systems 
are of great importance in the geometry of chains on a line. 

TueoreM 7. Lf a projectivity w with distinct double points MN leaves 
a chain through MN invariant, it leaves every chain through MN invariant. 

Proof. Let © be the given invariant chain through MN, and Ilct 
A(4 MV, .V) be any point of ©, and B(4 M, V) any point of any other 
chain @' through 1ZV. Then if 7, is determined by 7,(.V.VA) = WNB, we 
have 7,(€) = ©’. But m,77,~! evidently leaves ’ invariant, and 777,—! =, 
since 7,7, have the same double points (II, 7). Hence, 7 leaves @’ invariant. 


Section 3. Conjugate points and orthogonal chains. 

Turorem 8. Jf a chain, ©, és about tio points MN, and m is any pro- 
jectivity, then w(S) ts about 7(M ) r(N). 

Proof. Vf any chain, ©, through (V7) r(V) failed to cut 7(@) in 
points harmonic with 7(.WV ) w(V), 77'(G,) would be a chain through WV 
not cutting © in points harmonic with JLY. 

Corotiary 1. Jf MN are conjugate with respect to ©, 7(.W) r(N) are 
conjugate with respect to w(). 

Corottary 2. Every projectivity with distinct double points MN leaves 
invariant each of the systems of chains through MN and about MN. 

Derinition. Two chains are said to.meet orthogonally or to be orthog- 
onal, if one contains two points which are conjugate with respect to the 
other. 

Turorem 9. Every projectivity transforms a pair of orthogonal chains 
into a pair that is orthogonal. 

This is an immediate consequence of Theorem 8. 

Tueorem 10. Jf Cand ©' are two chains meeting orthogonally in PQ, 
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then every pair of points MN on 6(G') which are harmonic with PQ are 
conjugate with respect to &' (&). 

Proof. Wet AB on © be conjugate with respect to CG’, so that we have 
H( AB, PQ) (fig. 2). Let A'B' be the double points of LAB, PQ). AD 
are on G’. For 7(2?Q, AB’) leaves AU? invariant and this chain must 


therefore be about .14: but there is only one chain through 7? and about .1/%. 
Then € cuts Cand .fLA'B in pairs of points harmonic with UL. Hence 
AB are conjugate with respect to ©: i. e., each of tro orthogonal chains con- 
tains a pair of points conjugate with respect to the other. Now, as before, let 
AB be conjugate with respect to Cand let (PAB) = PUAN, which is 
possible since .1/% and W.V are each harmonie with ?’Q. 0 7 transforms © into 
itself since PYA = PYM and therefore also leaves © invariant (Theorem 
7). Hence, WV are conjugate with respect to © (Theorem &, Corollary 1). 

Corotiary. Through any point of either of two orthogonal chains 
which is not on both passes a chain orthogonal to both. 

This is the chain through the given point and about the points common 
to the two given chains. 

THeoreM 11. TVhe inverse of any point P with re spect toa qiven chain 
C is a uniquely determined point. 


Proof. Vf P is on & the theorem is immediate from the detinition. If 


P is not on &, let AL be any pair of points conjugate with respect to @.* 


*Such a pair exists; e. g., the double points of J(CC', DD'), where HW(CC', DD') is 
any harmonic set on ©. 
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The chain | ALP, orthogonal to &, meets € in two points VN. Hence 
Q = M(P, MN) is the inverse of /? with respect to € (Theorem 10). This 
point @ is unique, for if there were another Q', | ?QQ'| would cut © in two 
points harmonic with ?Q and with ??Q' which is absurd (I, 1). 

THeoreM 12. Through any two distinct points AB there is one and 
only one chain orthogonal to a given chain &. 

Proof. Suppose A is not on ©, and let A’ be the inverse of A with 
respectto@. Then .1.1'2) is orthogonal to U and it is the only chain through 
AS with this property, since any such chain must contain A’. This applies 
whether / is on © or not. If both A and Bare on &, let WV be any pair 
on © harmonic with AZ. Then the chain through A about JV contains B. 
This chain then satisfies the conditions of the theorem. It is the only one, 
since every such chain must be through .f and about JZ.V and there is only 
one such (Theorem 5). 


Secrion 4. Hyperbolic, elliptic and parabolic projectivities. 

Theorem 13. Lf a non-tuvolutoric projectivity, m, leaves invariant a 
chain &, then wm leaves invariant one and only one chain through every point 
which does not coincide with a double pom of T. 

Proof. 1) Let 7 have two distinct double points WV (II, 6). Let A 
(4M, V) be any point of Gand any other point distinct from JLV. Let 7, 
be determined by 7,(.WVA) = WN. x(@) = © is then achain through B. 
Since 7,77,—! clearly leaves @ invariant and 7,77,—! = w(II, 7), it follows that 
mw leaves © invariant. Moreover, suppose &’;, were another chain through B 
which is left invariant by 7. ©, has another point B’ in common with W, 
since is not a double point. 7 must then simply interchange 2’, in which 
case 7 would be involutoric (IIT, 5), contrary to hypothesis. Hence ©’ is 
the only invariant chain through 7. 

2) Let 7 have only one double point WII, 6). Let A(4 WV) be any 
point of ©, and 2 ( 4.) any other point. Let 7(.WILA) = WW; the 
theorem then follows as before. 

Conottary 1. [fa projectivity leaves tivo distinct chains through a point 
distinct from a double point invariant, it is an involution. 

Corotiary 2. The system of invariant chains of a non-involutoric pro- 
jeetivity with distinct double points consists of all the chains “i"a" the double 


. 4 ° ° ° ° hrouaglh 
points, if one invariant chain ts a them. 
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For, if © is evs" JJN, the projectivity 7, transforms © into another 
"% chain "revs" 7 V (Theorem 8); and every chain "vit" JV can be obtained 
in this way. 


DerFinition. A projectivity with two distinct double points which 







leaves a chain invariant, is called hyperbolic or elliptic according as an inva- 
riant chain does or does not contain the double points*. A projectivity with 
two double points which does not leave any chain invariant is called /orodromic, 
A projectivity with only one double point is ealled parabolic, 

This classification is mutually exclusive, except that an involution is both 





















elliptic and hyperbolic. Moreover, erery projectivity belongs to one of these 
four classes. ‘To show this we need only show that, (f@ projectivity 7, with 
two double points leaves invariant a chain containing one doutde point this 
chain also contains the other. 

To prove this let W.V be the double points of 7 and let © be an invariant 
chain of 7 containing M. Let 2?( 4 MW, .V) be any other point of © and let 7 
be the involution in which J/V are conjugate and in which 7? is a double 
point. Then we have /7 /= 7, sinee Ja J has the same double points as a 
(II, 8). J transforms © into a chain @ through WV, which is invariant under 
InmIT=r. © and Q' are both invariant chains of w and both contain 7’, 
Hence either © = @’, or 7 is an involution (Theorem 13). 

THeoreM 14.0 Every hyperbolic projectivity leaves every chain through 
the double points invariant and, unless it is involutoric, only these. Every 
elliptic projectivity leaves every chain ahout the double points invariant and, 
? vuless it ts involutoric, only these, 

Proof. The first part of this theorem is contained in Theorem 13, Cor- 
; ollary 2. The second part will likewise follow from this corollary, if we 
show that every elliptic projectivity, 7, must leave one chain about the double 
points invariant. Let © be invariant under 7; it does not then contain either 
of the double points LV. We note first that there exists a chain, G’, through 
the double points WV meeting © in two distinct points. For let .W' be the 






inverse of V with respect to ©. If we have WV! = M, our theorem is proved. 
. Suppose M' 4 M; the chain | M'MN meets © in two points 1B. Now, let 
7(AA,BB,) = A\A,B, Bs; Ay, Ay, 4, B, are then on ©. Further let 7, 








* This definition of elliptic and hyperbolic projectivities seems the most natural and agrees 
with the definition given by some writers; others make the class of hyperbolic substitutions 
less extensive. Cf. footnote page 46. 
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be determined by 27,(.VNA) = MNB. Then we have 7, 1(B,) = 
m—'am, (1) =2(A) = A, since 7, 7, are commutative (II, 7). Hence ,(A;) 
= B,. Similarly, we obtain 7,(.44,A,) = BBB. Hence 7, leaves € 
invariant. Also, 7, leaves @’ = |. WNVA| = | MNB| invariant. Hence, 
m, is an involution (Theorem 13, Corollary 1), and therefore € is about WV. 
(Theorem 6). 


CoroLiary. Conversely, to every system of chains “5"9" two points MN 





corresponds an infinite set of “Or projectivities, each of which leaves in- 


variant every chain “ye"g" MN, and permutes among themselves the chains 
stot, MN. 

For, if AZ are any two points of a chain through ILM, the projectivity 
m7 determined by 7(..VA) = WNB, leaves each chain of the system through 
MN invariant; and if A are any two points of a chain about J the pro- 
jectivity determined in the same way will leave every chain of the system 
about JN invariant. 

Loxodromic projectivities, moreover, exist. For, if in the above AB 
are two points not on the same chain through NV nor on the same chain 
about MLN, the projectivity there described will necessarily be loxodromic. 

THeoreM 15. Every parabolic projectivity m with double point M leaves 
invariant each chain of a system, any tivo of which have M and no other point 
incommon. Through any point A(¢M) passes one and only one chain of 
this system, 

Proof. Let w (AA,) = cy: then we have H(A dy, A,.W) (II, 9). 
m7 therefore leaves |. WAA,! = |. Wa A.) invariant. This also shows that 
every invariant chain contains VW. Finally, two invariant chains cannot have 
any point other than .W in common, since such a point would have to be a 
double point (or by Theorem 15). 

Derinition. Two chains with a point J/ and no other point in common 
are said to be tangent or to touch at M; the point .V is called the point of tan- 
gency or of contact, 

We have just seen that the invariant chains of a parabolic projectivity 
with double point WV form a system of chains mutually tangent at 1/. 

Turorem 16. Any chain © through the double point M ofa parabolic 
proyectivity, Tw, is transformed by aw into another tangent to & at M unless © is 


an invariant chain of 7. 
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Proof. Suppose m (&) = S' has another point in common with ©; 
let it be denoted by .1,. Let Ay and A, be determined by w(.4y <4,) = +4, fy. 


Then clearly © = | A) A, Vi and @ = A, -l, Ve. Bat we have J/(.1, .4,, 
A, MW), whence would follow ¢ = \. 


THeorem 17. Lf tiro chains © and &, meet orthogonally ina point M, 
every chain tangent to Sat M imects every chain tangent to 8, at M orthogon- 
ally. 

Proof. Let -1 be the second point of intersection of BG, (fie. 3). Let & 
be any chain tangent to Gat WM. © willmeet Gina point .l distinet from WW; 
for, if WZ were the only point common to &, &;, we should have two chains, 
Cand &,, through A tangent to CW at WV. 5). The parabolie projectivity 
determined by 7(.WIZA) = WALA leaves ©, invariant and transforms © into 
@’. Hence @ and &, are orthogonal (Theorem %) ; i.e., any chain tangent to 
Gat VW meets &, orthogonally. That it meets any chain tangent to G, at WV 
orthogonally follows by reasoning entirely similar to that just given. 

COROLLARY. Girena system N of charns mutually fangent ata point M, 
there exists a second system Sy of chains mutually tangent at Mi osuch that 
every chain of S meets every chain of S, orthogonally, 

Section 5. Analytic formulation. The analytic criteria for the above 
classification of projectivities are now readily obtainable. If, in connection for 
example with the developments of A, Section 2 ff., we choose any three points 


as Olx , the points of the line are made isomorphie with the system of ordi- 


nary complex numbers and x. The real numbers then correspond to the 


chain Ol «x; the purely imaginary numbers to the chain (O/x |, which is 
the chain through 0 < orthogonal to 0 1 x 
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DeFiniTion. The absolute value of a number «x is the positive number 
in which the chain through 2 and about 0x meet |O0lx |. Two numbers then 
have the same absolute value, if they are on the same chain about Ox . 

Two numbers are said to have the same amplitude, if they are on the same 
chain through 02. 

With this analytic representation the projectivities are given by the linear 
fractional transformations 


! 


' / 
w(2) =z = = , 


—, , ad —lbe + 0, 
cea+d 
where x, «’, a, 4, ¢, d are complex numbers. If a projectivity, 7, has two 
distinct double points 2,, z,, and if x, x’ is any pair of homologous points of 7, 
it is a well-known theorem of projective geometry, that the double ratio 


(1) 7 ot ak 


is constant for all pairs x x’. The projectivity 7 may therefore in this case 


be written 


The desired criteria are then obtained as follows : 

7 is parabolic, if we have (d¢ — a)? + 4he = 0. 

The double points of 7 will be distinct, if we have (d¢ — a)? + 4dc 4 0. 

If in (1) we regard x, 7, 2 as fixed and 2’, / as variable, this defines a 
projectivity from 2’ to’, whereby x,, 7, 2 are transformed respectively into 
Qo 1. By this transformation the chain through x and 2, x, is transformed 
into {O01 x |; whereas the chain through «and about 2,z, is transformed into 
the chain through 1 and about 0 «2. It follows, then, that x x’ are on the 
sume chain through #7, if and only if & is real: and that x 2’ are on the same 
chain about 2, 2, if and only if the absolute value of / is 1. This gives the 


result desired : 
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cA projectivity (2) is hyperbolic, if kh ts real ;* elliptic, of the absolute 
value of kis 13 loxodromic, for any other values of kk. An involution is 
characterized hy the value k = — 1, which follows directly from the fact that 
an involution is both elliptic and hyperbolic, and the only real number differ- 
ent from 1 (/ = 1 gives the identical projectivity ) whose absolute value is 1 
is — 1; or from (1) and III, 4. 

Since the necessary and sufficient condition that a projectivity 2 = 
(ax +b) (ee +d) have real coetticients only is that it leave the chain 0 1 x 
invariant, it follows readily that a projectivity can be transformed into one 
with real coetticients, if and only if it leaves a chain invariant. For, any pro- 
jectivity transforming an invariant chain into OL «2 will transform the 
given projectivity into one leaving 0 1 2% invariant. This result may be 
stated as follows : 

Every hyperbolic, elliptic, or parabolic projectivity can he represented 
analytically hy a linear fractional transformation with veal coe fee nis: and 
conversely, a linear Sractional transformation with real coe licens nis is etther 


hyperbolic, elliptic, or parabolic. 


Section 6. Groups of projectivities with invariant chain. 

In view of the simplicity of the reasoning it seems worth while to apply 
the results obtained above to the enumeration of the distinct: types of con- 
tinuous groups of projectivities which leave a chain invariant; or in other 
words, which may be represented analytically with real coetlicients. 

Lie’s enumeration makes no distinction between real and complex his 
parameters mean complex parameters. From this point of view there are 
four distinct types of continuous groups of projectivities, viz: 


(7;: The set of all projectivities on a line. 

(r,: The set of all projectivities leaving a given point invariant. 

r,: The set of all projectivities leaving two distinet points invariant. 
(7,: The set of all parabolic projectivities leaving a given point invariant. 


Every continuous group of projectivities in) which the parameters are 
* This definition of hyperbolic projectivities agrees e. g.. with the definition of Enri- 
ques, Vorlesungen ther projective Geometric (Leipzig. 1903), p. 101; Goursat, Cours analyse, vol, 
2 (Paris, 1905), p 73; Burkhardt, Theorie der analytischen Funktionen Leipzig, 1807), p. 38; 
with many authors a projectivity is hyperbolic only when k is real and positive: Osgood, Funk- 


tionentheorie (Leipzig, 1907), p. 225, and apparently the majority of books on the theory of 
functions. 
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complex can be transformed into one and only one of these types.* In seek- 
ing the different types of groups leaving a given chain © invariant, we natu- 
rally regard two groups as belonging to the same type, if and only if one 
ean be transformed into the other by a projectivity leaving © invariant. Our 
previous results enable us to write down at once the following five distinct 
types: 


RG; : The set of all (hyperbolic, elliptic, and parabolic) projectivities 
leaving © invariant. 

RG, : The set of all (hyperbolic and parabolic) projectivities leaving € 
and a given point of © invariant. 

Rhy: The set ofall (hyperbolic) projectivities leaving € and two points 
of © invariant. 

Rey: The set of all (elliptic) projectivities leaving © and two points 
conjugate with respect to © invariant. 

RGp,: The set of all parabolic projectivities leaving & and a given point 
of © invariant. 


That there can be no other types, follows readily from Lie’s theorem f 
that if in a continuous group with real parameters the parameters are allowed 
to take on all complex values, there results a continuous group with complex 
parameters provided the transformations of the group are expressed by 
analytic functions. 

Attention may also be called to the evident possibility of deriving syn- 
thetically much of the geometric theory of discontinuous groups of linear 
fractional substitutions on a complex variable } by the methods exhibited 
in this paper. While probably no great simplification would arise from this 
method of treatment in the case of one variable, it is a significant fact that 
the corresponding analysis for linear fractional substitutions on two complex 
variables is very involved, while the geometry of two dimensional chains in a 
plane (which forms the subject of a paper to be published in the near future) 
is comparatively very simple. It seems likely therefore that the synthetic 
approach to the geometric theory of the groups of the automorphic functions 





*Lie, Vorlesungen iiher continuierliche Gruppen (Leipzig, 1893), pp. 115 ff. 

t Lie, Theorie der Transformationsgruppen, vol. 3, Leipzig, 1893, p. 362. 

$Cf., for example, the classical paper by Poincaré, Sur les groupes fuchsiens, Acta 
Mathematica, vol. 1, (1881), p. 1. 
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of two independent variables will yield results of value. For any such ap- 
proach the methods and results of the present paper will form a_ start- 


ing point. Finally, we would note the connection of the present paper 
with the inversion geometry in the plane. A further synthetic study of the 
transformation which consists in replacing each point by its inverse with 
respect to a chain gives a natural approach to the geometry of inversion and 
nay well form the starting point of an investigation looking toward the setting 
up of a set of assumptions characterizing this geometry. The solution of 
this problem is greatly to be desired. * 


UNIVERSITY OF ILLINOIS, 
Unsana, IL. 


*Cf. Kasner, The Present Problems of Geometry, Bulletin of the American Mathematical 
Soci ty. vol. 11 (1905), p. 290. 
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NECESSARY AND SUFFICIENT CONDITIONS THAT AN ORDINARY 4 fe 
DIFFERENTIAL EQUATION SHALL ADMIT A Ho 4 
CONFORMAL GROUP “Reg 
‘a : 
By L. I. Hewes Aas 
, . — ie 
1. Introduction. We are to study in this paper a necessary and suf- \ Bale 
ficient condition that an ordinary differential equation of the first order tk ie 
Sa 
dy _ ; 
(1) dx = Uhh) Ab 


shall admit a continuous one-parameter conformal group. We shall assume the ; 

general properties of conformal transformation groups and in particular the ei" 

following theorem due to Professor Bouton : * oh 

A one-parameter group of conformal transformations with given path curves » 

iq exists when and only when the given curves form an isothermal family. . Fag 
We also assume the general methods laid down by Lie tf and used by 


oie I 
— 


derivatives. There are two of the third order and none of lower order. An 
infinite number of higher order are readily obtained from these two of lowest 
order. The desired condition for admission to occur is found to be dependent 


rresse ¢ in the study of differential invariants. eat 

4 It will be shown that under the infinite group of all conformal transform- ah 
“| ations there exist differential invariants formed from a(.«, 7) and its partial + be 
Bs | 


Fg A ea ee 
b Agee Pane 


upon the nature of the invariants of the third and fourth orders. .) 
2. The Differential Invariants. The discussion is greatly simplified i ie 
by the introduction of circular coordinates § eat. 





u=r+iy, v=xr—ly, i=V-—1. % eR 

id ‘ 
ea on, ——— is 
* Bull. Am. Math. Soc. vol. 11, p. 369. bt Bt 


+ Math. Ann., vol. 24, pp. 550-576. i 
q t Acta Math. vol. 18, p. 76, also Preisshrift, Jab, Gesell. zu Leipzig, 1893. i ¥., 
§ F. Franklin, Am. Journ. Math., vol. 12, 1890, p. 161. ‘9 fe | 
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The finite transformations of the infinite conformal group are then 







v= Viv), 





u' = P(u), 








and the corresponding infinitesimal symbol may be written ; 















ie af oo 
CP: 0) Fy + HO) Sy 


where ¢(uv) and (7) denote the first derivatives of P(u) and W(v) respec- 
dv 
tively. If we extend Uf to operate upon a, We have 


_" cf cf ; ’ of 
U'f: u) 2 + v) — + 7 v)- “)) = 
i p( dan ¥(v) =, vi(v) —¢(") a7 
dy : ee , , 
when 7 denotes Ta’ In the new coordinates the differential equation (1) 
; au 
t 
i becomes 
bP.) ’ 
” dy 
; ¢- —— = m(u, v 
) du ) 
or more compactly 
(2’) T—m=—V, 
‘ and it preserves this form under conformal transformations. If we regard m 


as a variable transformed by the infinitesimal transformation (°'f its increment 
is determined by the identity 


m(y' — ¢') —énm= 0. 


Lie* has given formulas for computing the increments which the partial deriva- 
tives of m will also receive under U'f and these become in the present case 





ov 


én, G dm —" én, Oo fom ’ 





when the subscripts denote partial derivatives. 




















*l.c. Also Lie-Engel, vol. 1, p. 545. 
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ae | 
By repeated use of these formulas we may compute the following table of 4] Hy 
increments (8¢ is omitted) of the successive partial derivatives of m up to 4 
the third order. a 
+ eae 


dm = m(y' — ¢’) ° 4 | 
bm, = m,(' — 246’) — mg" i Ds 
bm, = —m,¢' + my" : be 


Mun = My, (v' — 3’) — 3m," — md" : 


Siiy, = — 2m, $ +m, wv" — mg" + it 
Sip, = — My (O' + W') + mye” + my" is ll 
SMe = — Muy (2$' +’) + mur” — m6" + mv" | La 
Sitiuun = Munu(v’ — 4¢') — m,,66"— 4m,o'" — mo" » i 

} Mayr = — BMyyrh’ — 3,6" + My" — m, od” 
Mery = — Mery (G' + 2’) + 2m" +m yl". 


Then the corresponding infinitesimal operator upon any function /’ of m and . 
its partial derivatives above is therefore : i 
ie 

ed cF cF ie 

UF = 6, — + dm, — +...+ 8m,,, ——- 5 
c cm, OM err ie 


We seek now those functions F of i and its partial derivatives which 


satisfy the condition : 


(3) UF = 0. nate | 


Since this condition is to hold true for all conformal transformations, that is 
to say, for every @ and y, we find that the coefticients of @ and wand their 
derivatives in equation (3), must vanish, This gives rise to the following 
complete system of linear partial differential equations : 
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é oF Ye rn oF 
[1] m— + 2m, —— + mM, —— + 3M, = + 2m,,——— + My =—, 
m Om, Cit, | Ci» MS 
~~ ~ “~ 4 Al 
oF, oF eF oF 
+ AMann a + Os = + SMuayy & $F Mey ~ = 0 
evecee Cillian, OCMare CM any 
A a ’ ae Al ae DP 
= CF F eF ch ‘ cl F c 
[2] mm — + dy, —— + mM, = O72, = Ding = 
CM, Cia, Cilluy OM srrres CMianr 
oF 
+ ha = 0 
OM yee 
_ 4 ’ 
oF CF ck 
[3] z + 4m, ——— +m, . = 0 
CMuu " CMuuy C Muyr 
~ pI 
ch 
[+] m —— = 0 
Ciliuy 
es ns — a aE 
. OF ck chk cr ck 
[5] m= + m, ~—— + My =— — My =— + Moun =— 
cm Cink, Oma, CIN ne CMiun 
cP oF 
— Murr = — 2p» ~— = 0 
Cia, CIN ae 
‘i am 5 — ‘ 
, cF cr ch cF 
[6] mn =—+ mM, ~— +m, ~— ao Ree = = @ 
Cit, Cihy, Cit, Cm... OMury 
_ oF oF oF 
[7] m= t iM, - 2, . —- 0 
C itt, CO Muapy C IN pon 
oF 
[3] mm ~ =-> 0) 
CM ay 
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We thus find that wntil we use the derivatives of the third order, there are 


not enough variables to give us any solutions. 
of the system [1] --- [8]. 


There are plainly two solutions 
To obtain these we adopt as the most practical 


method the use of the solutions of one equation as new variables which are in- 


troduced into 
us finally one 


each of the remaining equations. 


1 


a E - 1 m)(mm,,,, — M,Myy) 
(m,m, — mm,,)* Lm 3 (mm, — mm,,) |’ 
y mi [ 7 MMM yyy — Wy, My.) 
l=; — 7] Mm, + ° 
(m,m, — mm,,)* yMy — mM, 





This process repeated gives 
equation in three variables whose solutions are : 
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These invariants may be given a simpler form as follows : 


a9 
o? mM, 
Let a= log m = —“” 


m—m, mM, 
cuev © m* 


The function a vanishes identically when and only when the integral curves 
form an isothermal family. This case is of no interest from the present view- 
point. 

Write V=—3itN, and Y=-1yj, 


‘ 1 C a " m\  @ 
NX = as (tog : ), } = ( ) = (log an) . 
(ma)! cu m a cv 


The functions -Y and } cannot both vanish identically unless a = 0. 
Now it is evident that we could calculate the increments of the deriva- 
tives of the next higher order viz: 


bm bm 


then 


uuuns uuurs sue en Das 


and annex the corresponding additional equations to our above system and 
again seck the solutions. There would be ten equations with fifteen variables 
and henee three new solutions of the next higher order than Vand Y. In 
general, if the number of invariants of the Ath order is V there will be V+ Av 
of the (Av + 1)st order. We do not, however, need to carry out such a process 
for we may obtain all the invariants required by a simpler method: namely, 
that of the “Differential Parameter.” 

We calculate the increments of the partial derivatives of either invariant, 
say of 

JY, and LV, * 

under the infinitesimal transformation U'f. We find these increments by 


formulas I: 
iN, c é6N 


& ou & Aud’ 


Ma £07 «i 
: at i ieee 


since VY is an invariant function, &Y = 0, and there results : 





*It is assumed that neither Y, nor _Y, vanishes identically. 
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oN, , éN, st 

; ‘ : ; 
ore ee 

We can now determine if there are invariants ¥¥ which involve 


iy A, ’ ; am 


for they must satisfy the relation 


CK 


aX 7 


for every ¢’ and y’. We have therefore to solve the lincar partial differential 
equations 


— Xv + my 9); 0) 


Cc dit 


= NX, ¢' = 


= - CN ON 
9 \ u + U7 7 a (), 
[9] oN, cm 
eae 
(10) Ae = id — i at — 0), 
~ 0X, cu 


These equations forma complete system. Assuming that neither VY, nor .X, 
vanishes identically, a solution is 
mNX,,* 
NX, 
Similarly, using the invariant }° we should obtain the invariant 
ut Px 
Ys 
We shall call these the first derived invariants and designate them as J and J 
respectively. 
3. The Necessary Condition for Admission. (Consider now the 
case that the differential equation 
(2') rT™—-m=0 
admits a one-parameter conformal group whose infinitesimal transformation is 


U'f: ys my ¢') of 


ss OT 








* The geometric interpretation of these invariants is immediate ly found to be the tangent 
of the angle between the integral curves and the curves Y = ( or Y = C' respectively. 
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By the definition of admission the transformed differential equation is, 
rm —m(u',v') = 0. 


The general differential invariants Y and Y are now invariant functions of u 
and v as are likewise Zand J; they are all therefore as functions of u and v, 
functions of the unique integral invariant of the group and any one, set equal 
to aconstant, must determine the path curves. They are therefore all func- 
tions of the same harmonic function, 

U+V, 
where U' and V are functions of u and v alone, respectively. 

Evidently al/ the differential invariants of higher orders submit to the 
same condition. We may then state as a necessary condition, which will be 
shown to be suflicient, the following : 

A necessary condition that a first order ordinary differential equation 
shall admit a one-parameter conformal group is that the invariant X (or Y) 
and its first derived invariant I (or J) shall be functions of the same har- 


monte function, 


4. The Sufficient Condition. Then Y=c determines the unique 


conformal group : 
ft atl ( Ce } 4 Cc cf 
2. a as am OE ee —_ ae 
P A, ov p VY, eu Pim’ 


u Ov’ « Ct 


“~) 





oy: »@ 


a>! 


where p is a function of u and v satisfying the conditions 


; cp 9 he 
. = 0 — “ay as O, 
[4] ov , Cu PX, 


From the second of these equations we have also 


OC ya 4 
[4"] 0 Ic &P — « « 2 ae < 
cu aw * 


The necessary and suflicient condition that 
(2') z~™—m=0 
shall admit U'f may be written 


My NV, m, X, Xue — KuXoy 
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using the relation [4’] we have 


a, Ayam A,X ~ AX, . Ty Xe ~- A, Ae 


; = (. 


[5] cn en ce ss (>. Se ae 
uv m  X. m X: tae a 


; 
It is now easy to show that this condition [5) is satisfied whenever the as- 
sumed necessary condition of §3 is satisfied. 
Multiply [5] by -Y, and rearrange the terms, and there results 
“19 - {my Mus shu 4 Mm, } a A ur 
[ 5") Ae as a a — aly + t — SS = UJ. 
nt A me m JN, Me 


r 


Equation [5'] may be given the determinant form : 


| @ a A, C ' ( ae 
od | 


But [5") is always satisfied when XN and Zare functions of the same harmonic 
function (+ VV. We have therefore the 

THEOREM. al necessary and sufficie: fcondition that an ordinary differ- 
ential equation of the first order shall adit a one-parameter couformal qroup 
is that a conformal invariant of the third order and its Hirst derived invariant 
of the fourth order shall he Junctions of the same harmonic Junction, 


5. Interpretation of the Invariants. We may write the invariants 


m 1 C a a wm C 
WV a ee log . ) = ( ~ lever ai 
a cv 





(ma )} cu Pm 


in the original coordinates 2 and vy. We shall for that purpose adopt the 
notation 





T= are tan a, 


i ‘aide 
C°T ovr 
Ar = ee ee aa 
oct = Gy?” 


and denote partial differentiation where convenient by subseripts. 
We furthermore find it convenient to multiply Y and Y by (— 20). 





bo 
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. 
~ 


We have then: 





XY’ = oe [my at, | 2(a, —aa,) 
Ms [ard+@yL ae t tee 
+i (“Ate Sts 4 2(aay + 42) iF 
Ar l + a’ 
Y'= — [= + at, 4 2(a, —a,) 
- [Ar(1 + a*) ]! Ar isa a 


° aAr, — Ar, 2(aa, + a,) 
-* ( Ar CU )} 


Adding X' and Y'and subtracting, in order to obtain real forms, we have 
finally the two independent invariants of the third order: 





1 [— +Ar, 2(a,—aa,) 

—~ [Ar(1 + a) ) Ar we 1+ a@ ’ 

- l . [= — Ar, ‘ 2(aa, + a,) 
~ [Ar(1 + a*)}! Ar CU tee 


Denoting the curvature of the integral curves of the original differential equa- 
tion by «, we have: 


a, + aa, 


k= -—— 
{ [1 + a*]3 
\ Similarly writing the curvature of the orthogonal trajectories, 
; = aa,—a 
k= * > as ’ 
j (1 + a*): 
; dk dk ’ . 
we may then write Art = +4 where s and s denote ares on the in- 
a as as 


tegral curve and the orthogonal trajectory respectively. With this under- 
standing we may write the invariants .Y and Y as functions of the curvatures 
« and « and their first and second derivatives with respect to the ares. 


§ ‘ 1 s + Ky 2K 
| “(ky + Ka)EL Ks + KS rah 


~ * Prehte. 
' a x7. / - | ail 
(x, + Kj) Ky + kK; (x, + K5) 
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The fourth order invariants may be given similar torm. In terms of the 


original variables x, y,¢, a ditferential parameter is 


Q 


— 


“" * 


~ 
~ 


a 
i. 


- 


c= ee 


4 


where Q is avy invariant. Hence we may write as the two fourth order 


invariants, 

wi, a a z. ud y, m | yy 
— —— — © oF = = ee 
7, an. Pr. +a. 


/ 


f= 
Expressing these invariants in terms of the curvatures « and « and their 
derivatives we have, 


f= P/Q. J = R/S, 


where 
C l(c \>) Be (wee + Kis) 2x, 
P= |; = low ( K. + K7)—o- low ( K+ K.) i . o. 
cs” »4 ( CN ) 2 oe (Kk, 4 K.) 
= “yn Cc 1 5 ’ ) 
I ) ... log(«,+ «,)— — log(«, + «,). tlow(«, + «,) } 
“ CSOS 2 ios . CX ; ) 
2K (Ky, + Kye) =, 
(4%, + &3) (K, + Kz)? 
l-—«a o* lf{o 2 ’ ate Le 
A =( NE , log (x, + &-)— 4 - louw(K, + K.) ! $ ss vs) 
“ Cx? eos ) (x, + K,) 
2K, c? l(e 9 
= -|—2]. .-loe(«, + «:)— } lov(K. : . _ } 
ee ad saz ) ’ (cx pad F K;) - log(x, ' Ka) | 


R=2} C- l (c¢ C ) 2K (K,, j Ss.) 


~— ah ae és je, + ex) 


log (x. + se) - log (kK. + K,) low(«,+#;)} —- wa 
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_. “2 1 
s=( t “) E log(«> + ks) » : S(K, + Kz) ~ log (x, + &,) 
( c ai 


SOS 2 ( Cs Cs ) 


2 o 2 


2K (Ky, + K,,) 2k, (¢ ) 
satires IRE ma low («. = — 4. ioe es L 
(Ke, +)!” (Ky + = E MEAN: + 8) ~ 9 gg ee 4 os 


¢ = 


2K (Ky, + Ky. L 2K, ] 
(x, + K,)2 . (kK, + K,)? 
6. Conclusion. It is possible to write down the form that the function 
a must take in the differential equation 
dy 
1 = tes Cy 
( ) dx a(s J ) 


in order that the equation shall admit a conformal group. Since the path 
curves @ = c, of such a group must individually cut each integral curve under 


a constant angle along that curve we have at once 


d Vi @ 


+ 


where @ is a solution of Laplace’s equation, 


®,, + O,, = . 


dy ; 
“, we obtain 
dx 


Solving [6] for 


dy —o, + F()a, 


dx” —w, + F(@)o, 


The corresponding infinitesimal conformal transformation Is 


@, cH @ .. 


@, + @, CH 


Uf: 


' @, + @, Cw 
It will be found that whenever « Las the form in equation [7] that YW. 0, 7, 
and J are functions of , or in other words the form [7] is necessary and 
suflicient. 
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THE 3-SPACE PG(3, 2) AND ITS GROUP.* 
By GeorGE M. CoNnweLu 


Introduction. An n-space in which the points are determined by 
homogeneous coordinates will contain only a finite number of points if the 
coordinates are restricted to be integers reduced to a modulus. In this paper 
the modulus 2 is used, i. e., the only numbers possible are 0 and 1. 

The configuration of the “real” points, i. e., those whose coordinates are 
expressed in terms of 0 or 1, is studied in detail. 

The complete projective group of collineations and dualities of the 


3-space is shown to be of order !S and to have as a sub-group the linear 
15 
homogeneous group L. H. G. 8, this sub-group consisting of the projective 


2 
collineations of the 5-space. The line coordinates for the lines of the 3-space 
are introduced and the linear complexes and congruences obtained. These 
line coordinates can also be considered as the coordinates of points in a 
5-space. To every transformation of the 3-space there corresponds a trans- 
formation of the 5-space. In the 5-space, there are determined 8 sets of 7 


points each, “heptads,” by means of which is established the isomorphism 
15 

of the linear homogeneous group L. H. G. 8% with the alternating group 
on & letters. 

An & letter notation is derived from the “heptads” for the points, lines, 
and planes of the 3-space. 

The geometry gives a complete solution of Kirkman’s School Girl 
Problem and is related to several functions which are of importance in the 
Gralois theory of equations. The configuration of the 3-space is the same as 


that studied by Moore in this connection.t 


The Configuration of the “Real” Points. A pointis determined 
in a }-space by + homogeneous coordinates (a, 4, c, 7) and when the numbers 


*Oswald Veblen and W. H. Bussey, Finite Projective Geometries. Transactions of 
the American Mathematical Society, vol. 7 (1906), pp. 241-259. 

+ FE. H. Moore, Concerning the General Equations of the Seventh and the Eighth Degrees 
Muthematische Annalen, vol. 51 (1899), pp. 417-444. 
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a, b, c,d, are integers and reduced modulo 2 we obtain 15 points excluding the 
combination (0, 0,0, 0); these are called the “real” points of the 3-space. 

If P. = (4, yy 1, 2) and P,, = (ay, b3, ¢, dz) are any two points, the 
points of the line joining them are given by 


Pra, +a = (AQ, + 14g, My + by, ACY + Nea, Ad, + nde) ; 


the only possible sets of values for (A, 7) are (1, 0), (0,1), (1,1), hence 
the number of points on a line is 3. The points of a line may thus be denoted 
by P.. Pay Po +o, Consider a fourth point P,-, which is not on the line 
Pay Pay Pa +o,3 evidently P, 4a Pozar Pota,ta's are points of the lines 
joining P,, to the points of the line P,, P.,, Pa4.. 

These 7 points are all the points of a plane, since any 2 points 7, and 
P, determine a collinear point P,4,,, which is contained among the 7. The 
configuration of the 7 points of a plane is that of a complete quadrangle in 
which the diagonal points are collinear. The number of lines in a plane is 7 
as there are 7 points and 3 lines through each point. 

In the 3-space the number of “real” planes is the same as the number of 
“real” points, since for each possible set of point coordinates there is a possi- 
ble set of plane coordinates. Consider the 7 points of a plane which can be 
denoted by . 

Pay Pay Paras Parr Papers Papers Pape,+e's 


and a point 7a” not upon the plane; this will determine 7 other points 
A + aD, +a''s re. +a,+a'' P,: +a'‘'s Tn +a’+a''s Faia +a''s ee a,+a’+a'’ 


These 15 points constitute all the “real” points of the 3-space, for any 2 
points 7, and /?, determine a collinear point 2.4 ,, which is included among 


the 15 and any 3 non-collinear points 7’,, /?,, P; determine the 7 points of a 


plane, which can be denoted by 


* 
Fis Py. P4y9 Fes Foon Poeun Poaser 


Any 4 non-coplanar points determine 15 points. This process of 
“doubling” from a point without an x-space always leads to an (nx + 1)-space 
or from a P@i(n, 2) toa PG(n 4+ 1, 2). 

Through each point there are 7 lines, for take any point and a plane not 








* E. H.{Moore, loc. cit. 
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containing it, the 7 lines joining this point to the points of a plane contain all 
15 points. The number of lines is 35, since there are 15 points and 7 lines 
through each point and 3 points on a line: 7.15 3= 85. 

Of the 15 planes 3 pass through each line. Consider a plane and a point 
outsid» the plane, the point with the 7 lines of the plane determines 7 dis- 
tinet planes, one of which contains any 2 points of the 5-space, hence there 
are 7 planes through each point. 

The whole eontiguration can be exhibited in the table * 


So ‘| S; 
So 15 7 ‘ 
S, 3 30 o 
S, 7 ‘ 1a 


S, isa point, S, a line, S,a plane and in general SN, is an x-space. A 
number # in the 7th row and the ¢th column gives the number of ¢-spaces in 
the given space, while a number n inthe ‘th column and the Ath row gives the 
number of ¢-spaces which are united with a A-space. 

By the use of the transformation 7’ of period 15 


, ’ ’ , 
y= 2+ + "s = 2 roy + Hy 
, . ai es ’ 

_ = y+ % + v4 Y= 27, + 2, 

7 ; or 
%%=% +X, + Xz m? = v. + 7% 
’ i aces , . ’ 
y= My +r Xz + Xt X% r= + 73+ x4 


all the points can be obtained from a single one, say (1, 1, 1, 1), and all the 
planes from a single one, say 7, + 7, + 43 + 7, = 0 


1 (1,4,14,)) I nt+any+a,4+2,=0 
2 (0,1,1,0) II m= 0 
a) (9,1,0,0) III To+ WL, = V 





*E. H. Moore, Tactical Memoranda I-III[. American Journal of Mathematics, vol. 18 
(1896), pp. 264-303. . 
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Hence denoting the points by the numbers 1 to 15, the point ¢ is ob- 
tained from the point 1 (1,1,1,1) by the transformation 7%. All the planes 
are obtained from one expressed through its 7 points as 1 (1,2,5,7,12,13,14) 
by the transformation 7’ (1,2,3,4, ---, 14,15) and its powers. 


- 
v 


oS 





And all the lines can be obtained from 4, each expressed in terms of its ‘ 





3 points, (1, 2,5), (1, 3, 9), (1, 6, 11), by means of the same transforma- 





ea 


tion 7’. The first two lines have each 15 conjugates while the third has 5 y 







under the transformation 7’ and its powers. kis 
Introduction of Line Coordinates. Two points a and Pa' of the ~ , i} 
3-space determine a line: 2, (4), @2, d3, a4) and P,'(a), a3, aj, aj). ae 






There are 12 determinants pj, of the form 









i 


Pi — 


a; a, a7 Ry 








! 
a; a, 














which are related two by two, pj = Pi (Since p = — p modulo 2). re 
Phe 6 quantities (Py, Piss Pras P23» Pas Ps) are the Pliicker line coordi- a | 
‘ : a kon an 

nates and completely determine a line. They are related by the condition 5 











* 


Pps + PrPa t+ Pup» = 0- 


The line coordinates of the 35 lines can be obtained from those of the 3 
lines (1, 2,5), (1,5, 9), (1, 6, LL) by means of a transformation /? on the 











ps which is induced by the transformation 7’: 


Pu = Pr + Pu is : 

His = Piz + Pis + Pw + Pu + pss ie 

Pu = Prat dis + Pu + Pass ; i 

Ps = + Dis + Put Pos + Put Ps A 

Pu = + Pis + Pr + Ps if 
Ps = Put + Pa + Ps ! a 
The 3 lines and their line coordinates are respectively (1, 2, 5), i a 
(1, 3,9), (1, 6, 11), and (1,1,0,0,1,1), (1,0,0,1,1,0), (0,1,0,1,0,1). | Te 
It is evident that the line coordinates may be looked upon as points in a a 


os ~ 
. singe : iS 


ia 


< 


*C. M. Jessop, Treatise on the Line Complex, page 17. 
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5-space, a PG‘(5, 2). In such a space there are 2° — 1 = 63 points excluding 
(0,0,0,0,0,0). Of these 63 points, the 35 representing lines of the 3-space 
lie upon a surface, S, 

PrPs + PwPa t+ PuPs = "- 

The lines whose coordinates satisfy a linear equation constitute a linear 
complex, which can be either degenerate or non-degenerate. 

A degenerate complex consists of all the lines which meet a given line, 
called the axis, together with this axis. Given two lines p and p’ with the 
line coordinates ( Py. Py3+ Piss P23 Poss Ps) Od (Phas Piss Piss Pas» Pao Pss)> the 
condition that they may intersect Is 

PrPss t+ PsP t+ PuPs t+ PoP ist Pais + Ps Pr = %- 

Hence this condition, if the p’s are considered constant, is the equation 
of a degenerate complex, consisting of all lines meeting p’ and of p’ itself. 
The equation is satisfied for p’ since the equation then reduces to the condi- 


tion WN. 
Any linear relation among the p’s, as 


Opry, + Ap, + Du + A py; + (put SP ss - 0, 


can be looked upon as the polar of the point (f,¢,d,c,4,@) with respect to the 
surface S and if this point in the 5-space represents a line in the 3-space, then 
the complex determined will be degenerate; if it does not represent a line, 
the complex is non-degenerate. Hence the polar of a point on the surface S, 
i. e., the tangent 4-space at the point to the surface S, has in common with the 
surface S the points representing the lines of a degenerate complex, while the 
polar of a point off the surface S determines in a similar way a non-degen- 
erate complex. The number of degenerate complexes is equal to the number 
of points in the 5-space which represent lines in the 8-space, that is 35. 
They may all be obtained from the following three by the transformation 7? 


and its powers : 


Prt Pst Put Ps = Prat Pt Ps =9% Pig + Pu t+ Pu = 0. 
A non-degenerate complex is a system of lines such that through every 
point of the 3-space there is a flat pencil of lines and all the lines in every 
plane pass through a point. The proof is the same as in the ordinary case.* 


* Jessop, loc. cit., page 25. 








1910] THE 8SPACE PG (3,2) AND ITS GROUP 65 


The lines whose cvordinates satisfy two linear equations and hence are 
common to two complexes, constitute a congruence. Consider the two com- 
plexes C and C’: 


apy. + Opis + Py + Eps + Py + Spy = 0, 
UP + O's + CPi + APs + CPu + SP = 93 


these determine a third complex, C"” = C + C’, 


(a + a’) Py +(6 + 8) pug +(€ + €’) Pig +(d + A’) prog +(O + €') prog 
+(f +S") Ps = 9. 


C, C' and C” are degenerate if the points (a,b,c,d,e,f ), (a’,b',c’,d',e’,f') and 
(a+a@,b4+b,c+e,d+d,e+e', f+ /’)respectively are upon the surface 
S. The condition that this last point is on the surface reduces to 


af' + a'f+ be’ + Vle+cd'+cd=0. 


This is the condition that the axes of Cand C’ intersect. Hence if the 
three complexes of a family are all degenerate, the congruence determined 
consists of 11 lines meeting the two intersecting axes of the complexes C’ and 
CO’. If two of the complexes of the family are degenerate, while the third is 
non-degenerate, the congruence consists of 9 lines meeting the two non-inter- 
secting axes of the degenerate complexes. If only one of the complexes of 
the family is degenerate, then the non-degenerate complexes contain the axis 
of the degenerate complex, the congruence consists of 7 lines, the axis 
and 6 lines meeting it, one line through each point of the 3-space. This is a 
degenerate congruence with an axis. When the three complexes of a family 
are all non-degenerate, there is a non-degenerate congruence determined, which 
consists of 5 lines such that there is one and but one through each point of 
the 3-space. 


The Group of the 3-space. [Every projective collineation* in the 
3-space PG(3, 2) is represented by a transformation 7’ on the point 
coordinates 


T: a, r=(l, 2, 3, 4). 





*(0. Veblen and W. H. Bussey, loc. cit., p. 253. 
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: This transformation is completely determined if we know into what 
points the vertices of the tetrahedron of reference are transformed ; (1,0,0,0) 
goes into (ay, G5 Asis M1)» (9,1,0,0) goes into (@)2, dz25 Ages M2), ete. 

In order that the transformation may have an inverse, the determinant of 
the transformation must be different from zero, and this is the condition that 
; the four points (a);, @3;, Qi, “%4:), (¢ = 1,2,3,4) into which the vertices of the 
: tetrahedron are transformed shall not be coplanar. Hence the number of 

transformations of the group of projective collineations is equal to the number 


7 Fu 
we 


i of ways four non-coplanar points can be chosen, i. e., 15-14-12-8 = 20,160 
: = 8/2. The dualities or polarities of the 3-space are transformations of the 
torm 


i=4 
x, = : A, itl, r= (1, 2,3, 4), 
‘= 


where the x’s are point coordinates and the w’s plane coordinates. 

t These transformations have the property of changing points into planes 
and vice versa, but change lines into lines. The number of these dualities is 
evidently the same as the number of projective collineations 8/2. The order 
of the complete projective group, consisting of all projective collineations 
and dualities, is 8. 

Since a transformation of the complete projective group changes lines 
into lines, every transformation of this group determines a transformation on 
the line coordinates. Conversely every transformation on the line coordinates 


i which changes lines into lines corresponds to a transformation of the complete 
projective group. Let the transformation on the p's be of the form 

: i=6 

he f, ' ¢ . 

p, = > a,; Pi» r=(l, 2, 3, 4, 5, 6), 

4 i=l] 







The lines with the coordinates (1,0,0,0,0,0), (9,1,0,0,0,0), 
t (9,0,1,0,0,0), (0,1,1,0,0,0) , (1,0,1,0,0,0) and (1,1,0,0,0,0), all pass 
;' through the point (1,0,0,0) and must be transformed into lines, hence we 
fi must have 








(A) aya + Agt5; + agai = 0, (1 = 1, 2, 3), 
(B) (M+ Hj) (46 + Uj) + (Gai + Aaj) (Agi + M55) + (455 + yj) (Ay; + %;)= 0. 
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(B) reduces by means of (A) to (B’): 
(B’) A); + 1,165 + Ay;A5; + A905; + 3,44; + Az; 04; ame 0, (a = 1, Bs 3). 


(B’) is the condition that the three lines (1,0,0,0,0,0), (0,1,0,0,0,0), 
(0,0,1,0,0,0), which are not in a plane, must be transformed into lines which 
meet two by two, hence they must pass through a point or lie in a plane. 
Hence all the lines through a point must be transformed into lines through a 
point, a projective collineation, or be transformed into the lines of a plane, a 
duality. The simplest transformation on the p’s which is a duality is 


Pi=Po P2=Ps Ps=Pu PlL=Ps Ps=Px» PE=Pr 


The Configuration of the 28 Points not upon the Surface S 
in the 5-space. Interpreting the results of section 2 in terms of the 
5-space we see that taking the polar of a point in the 5-space with respect to 
the surface S determines a non-degenerate complex for the 3-space. Taking 
the polars of three points of a line in the 5-space determines a non-degener- 
ate congruence for the 3-space. Hence the number of non-degenerate con- 
gruences is the same as the number of lines in the 5-space, which are wholly 
off the surface S. Whatever is true for a single point of the 28 is true for 
all, as any point can be transformed into any other. The number of lines 
wholly off the surface S which can be drawn through the point (1,0,0,0,0,1) 
is 6 and the same number can be drawn through each of the 28 points, hence 
there are 28-6/3 = 56 lines wholly off the surface S. The number of non- 
degenerate congruences is thus 56. 

Consider the 3 points of a line as A= (1,0,0,0,0,1), B = (1,0,1,1,0,0), 
C = (0,0,1,1,0,1), which are wholly off the surface S. Through each of 
these points there are 5 other lines wholly off the surface 8. These lines are 
denoted below in terms of their 3 points, the 3 points in a row are the 3 points 
of a line. 





Lines through 4 
(1,0,0,0,0,1)(1,0,1,1,0,0) (0,0,1,1,0,1) 
(1,0,0,0,0,1) (0,1,1,1,0,1) (1,1,1,1,0,0) 
(1,0,0,0,0,1) (1,1,0,0,1,0) (0,1,0,0,1,1) 
(1,0,0,0,0,1) (0,0,1,1,1,1)(1,0,1,1,1,0) 
(1,0,0,0,0,1) (1,1,1,0,1,0) (0,1,1,0,1,1) 
(1,0,0,0,0,1) (0,1,0,1,1,1) (1,1,0,1,1,0) 





Lines through B 


(1,0,0,0,0,1) (1,0,1,1,0,0) (0,0,1,1,0,1) 
(0,1,1,1,0,1)(1,0,1,1,0,0)(1,1,0,0,0,1) 
(0,1,0,0,1,1) (1,0,1,1,0,0)(1,1,1,1,1,1) 
(0,1,1,1,1,1) (1,0,1,1,0,0) (1,0,0,0,1,1) 
(0,1,0,1,1,0) (1,0,1,1,0,0) (1,1,1,0,1,0) 
(1,1,0,1,1,0) (1,0,1,1,0,0) (0,1,1,0,1,0) 


i 


Lines through C 
(1,0,0,0,0,1) (1,0,1,1,0,0) (0,0,1,1,0,1) 
(1,1,1,1,0,0) (1,1,0,0,0,1) (0,0,1,1,0,1) 
(1,1,1,1,1,1)(1,1,0,0,1,0) (0,0,1,1,0,1 ) 
(1,0,0,0,1,1)(1,0,1,1,1,0)(0,0,1,1,0,1) 
(0,1,0,1,1,0)/0,1,1,0,1,1 )(0,0,1,1,0,1) 
(0,1,1,0,1,0)(0,1,0,1,1,1)(0,0,1,1,0,1 ) 
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It will be observed that when two points as A and B of the line ABC 
are chosen, that each of the 5 other lines through «1 is met by a single line ot 
the 5 other lines through B. The 5 points determined by the intersection of 
these pairs of lines together with the 2 points A and B we designate a 
‘sheptad.” It will be found that the 7-6/2 = 21 lines joining these 7 points by 
pairs are wholly off the surface S. If any 2 points of the heptad are chosen 
and these points are used in the same way as A and / for the deter- 
mination of a heptad, the same heptad will be determined. Each of the pairs 
of points AB, BC, CA determines a heptad so that each point of the 28 
points off the surface S belongs to2 heptads. The number of heptads is thus 
28.2/7 = 8. No 6 of the points of a heptad are in the same 4-space, no 5 in 
the same 3-space, no 4 in the same 2-space, no 3 in the same 1-space. 

If we take the generators of the group of projective collineations of the 
3-space, the L.//.G , the matrices below are the matrices of the 6 gen 


» 


erators of the group.* 


£, E, BP Ey Bs E, 
1110 0101 0110 1110 0101 0011 
0111 0110 0011 0100 0011 0110 
111] 0010 1011 0010 1111 0010 
1011 1110 1111 0101 1011 1001 


From these can be calculated the corresponding transformations in terms of the 
ps. Let the 8 heptads be given the numbers 1 to8; each heptad is deter- 
mined by two of its points. 


(1,0,1,1,0,0) and (1,1,1,1,1,1) determine heptad 1 
(0,0,1,1,0,0) and (1,1,1,0,1,0) determine heptad 2 
(1,1,0,0,1,0) and (0,1,0,1,1,1) determine heptad 3 
(0,0,1,1,1,1) and (0,1,1,1,0,0) determine heptad 4 
(1,9,1,0,1,1) and (0,1,1,1,0,1) determine heptad 5 
(1,0,0,0,0,1) and (1,0,1,1,0,0) determine heptad 6 
(1,1,1,0,0,1) and (0,0,1,1,0,0) determine heptad 7 
(9,0,1,1,1,0) and (1,1,0,0,1,0) determine heptad 8. 


* E. H. Moore, loc. cit., page 435. 
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The transformations in terms of the p’s applied to the 28 points off the 
surface S permute the heptads among themselves. To the 6 generators 
above correspond the permutations on the heptads, 


Bae eS 


E, = (4,7) (7,6), Ey = (4,7) (6,8), Es = (4,7) (8,5), 
E, = (4,7) (1,5), Bs = (4,7) (1,2), Eg = (4,7) (2,3) 5 





5 ee 


SS 


and these are the generators of the alternating group on 8 letters. 


—* en 35 


—— 
2. 
ae 
Pe 


15 
Hence the L.//.G |8 and the alternating group on 8 letters are 
2 


isomorphic.* 

A transformation on the p’s which is a duality is equivalent to a transfor- 
mation of the symmetric group on 8 letters, for example, the duality of page 
67 is equivalent to the transformation (2,7) (3,6) (4,5) on the heptads. 
To the fact that by the addition of one duality to the group of projective 
collineations the complete projective group can be generated, corresponds the 
fact that by the addition of one uneven transformation to the alternating group 
the symmetric group is generated. The complete projective group of the 
3-space, 17G'(3,2), is isomorphic with the symmetric group on 8 letters. 

By means of the heptads, it is possible to assign an 8 letter notation to 
the points of the 5-space which are off the surface S, and to study their con- 
figuration. We have pointed out the fact that each point off the surface S 
belongs to 2 heptads. The notation for a point can thus be taken as (a,0), 
a + 5, and there are 8-7/2 = 28 combinations of this form corresponding to 
the 28 points off the surface S. The notation for the points of a line off the 
surface S is (ab) (4c) (ca), a, b, ¢ distinct ; for the points of a line off the sur- 
face S by pairs determine three heptads. Thus the two letter notations for the 
points must by pairs have a letterincommon. There are thus 8.7-6/1-2-3 = 56 
lines off the surface 8S. The maximum number of points which a plane can 
have off the surface S is six. Such a plane in terms of its points has the no- 
tation (ab) (bc) (ea) (ad) (bd) (cd). A line off the surface S has the notation 
(ab) (be) (ca). For any point off the surface S has the notation (xy) and in 
order that the line determined by this point with (ad) may have its third point 
off the surface S, 2 or y must equal a or J since (ab) and (xy) must belong to 
a common heptad. Let x = a then y= d,d 4a 46 4#¢. Then the two other 


Bat tate tetas 





*First proved by Jordan, Traité des substitutions, No. 516. E. H. Moore has given a 
proof based on the same system of generators, loc. cit., page 432. 
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points of the plane which are off the surface S are (bd) and (cd). There 
are 8-7-6-5/1-2-3-4 = 70 planes of this kind. 

In a similar manner the 3-spaces and the 4-spaces with the maximum 
number of points off the surface S can be determined. The configuration of 
the n-spaces with the maximum number of points off the surface S is given 
below in a table whose interpretation is the same as that of the table page 62 


S S, 8 S; S, 
Sy 28 6 15 20 15 
S, 3 56 5 10 10 
S, 6 4 70 4 6 
S; 10 10 5 56 3 
S, 15 20 15 6 28 


The Configuration of the Thirty-Five Points upon the 


‘Surface S in the 5-space. The surface S has as its equation 


PPPs + PisPu + PuPs = YO 


and is satisfied by the 35 points of the 5-space representing lines in the 
3-space. Consider any two points upon the surface S, (a), 4, ¢, d), €1,,) and 
(43, by, C2, dy, €:, f,) the third point of the line, (a, + a, 4, + b,, ¢ + ¢2, 
d, + dy, €; + €, fi + f2) will be upon the surface S if 


(@ + 4) (fi + fa) + (A + 2) (€1 + €2)+ (Cr + &) (4) + dz) = 0 
or if fz + asf + byez + bye, + Cd, + Ed, = 0. 


This latter is the condition that the two lines in the 3-space represented 
by the first two points intersect. Any two points of a line can be taken as 
the first two, hence the 3 lines in the 3-space which are represented by the 
points of a line in the 5-space must meet by pairs in the 3-space and thus lie 
in a plane, or pass through a point. 

Let A = (a), 4, 3, 1%), B= (dy, ba, by, 4), C= (er, Cay Cg, Cy) De three 
points not on a line in the 3-space. The line coordinates of A/ and AC 
are 


(4yby + Ay, ++ +5 Aghy + ayhs) and (ayry + aye, +++, Agcy + a4C3). 
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These line coordinates considered as coordinates of two points in the 5-space 
determine a collinear point, 


(a (6, + ¢] + a,[b, +], -->, a3[b, + 4] + ay[bs + ¢3]) 


whose coordinates are the line coordinates of the line joining A to the third 
point of BC, (4; + ¢, by + Cg, bs + 3, by + 4). Hence the three points of a 
line in the 5-space which is entirely on the surface S represent a flat pencil, 
three lines in the 3-space which lie in a plane and pass through a point. 

The seven lines in a plane of the 3-space are represented by the 7 points 
ofa plane wholly on the surface Sinthe 5-space, since in the plane in the 3-space 
every line meets every other line. In a similar manner the lines through a 
point in the 3-space are represented by the points of a plane which is wholly 
on the surface S in the 5-space. 

The tangent 4-space at a point of the surface S has already been shown 
to have 19 points in common with the surface S, representing the 18 lines 
which meet a given line in the 3-space, and the line itself. 

Since through a given line in the 3-space there are 3 planes and through 
each point in a plane 3 lines, it follows that the 19 points which the tangent 
4-space has in common with the surface S are upon 9 lines through the point 
of tangency. 

Any 4-space passing through the point of tangency has in common with 
the tangent 4-space a tangent 3-space. These tangent 3-spaces are of two 
kinds. The first kind has in common with the surface S 11 points, which 
are upon 5 lines through the point of tangency, representing a degenerate 
congruence determined by two degenerate complexes whose axes have a point 
incommon. The second kind has in common with the surface S 7 points, 
which are upon 3 lines through the point of tangency ; these represent the 7 
lines of a degenerate congruence with an axis. 

The tangent 2-spaces are determined by two 4-spaces through the point of 
tangency and by the tangent 4-space. They are of 5 kinds. One and two 
have 7 points in common with the surface S and are on 3 lines through the 
point of tangency. They represent in the 3-space the lines of a plane and 
the lines through a point respectively. Three has 5 points in common with 
the surface S, which are on 2 lines through the point of tangency[{and repre- 
sent in the 3-space a line and a flat pencil through each of two points of the 
line determining two planes through the line. Four has three points ofa line 
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in common with the surface S and represents a flat pencil of three lines in the 
3-space. Five is a tangent plane which has but a single point in common 
with the surface S and represents a single line in the 3-space. 

In the configuration of the 28 points off the surface S there are 70 planes, 
which have 6 points off the surface S. Two of these planes pass through 
each of the 35 points of the surface S. We have seen that the notation for 
the points of one of these planes is («) (ac) (ch) (ad) (6d) (ed) and the nota- 
tion for the plane itself may be taken as (abcd). 

If the heptads are denoted by the 8 letters a,,c,d,e.f,9,4, it will be 
found that the 2 planes (aed) (efyh) have but 1 point in common with the 
surface .S and that these common points are the same. Hence the points of 
the surface S can be denoted by a double 4 letter notation, which will also be 
the notation for the lines of the 3-space. On page 63 the line coordinates of 
all the lines are obtained from those of the 3 lines (1,2,5), (1,3,9), (1,6,11), 
by use of the transformation 7’ and its powers. The 8 letter notation for 
all the lines of the 3-space can be obtained from the notations for the 3 lines 
above, which are respectively (1278 + 3456), (1357 + 2468), (1467 4+ 2358), 
by use of the transformation on the heptads, which is isomorphic with 77 i.e., 
(17654) (285). 

The Determination of an Eight Letter Notation for the Points 
and Planes of the 3-space. A point of the 3-space is determined by the 


7 lines which pass through it, and these correspond to the 7 points of a plane 
in the 5-space. 

A plane of the 3-space is determined also by the 7 lines which lie in it, 
and these correspond in the 5-space to the 7 points of a plane. To each of 
the points of the 5-space there belongs a double four letter notation. Hence 
a puint of the 3-space will be denoted by 14 sets of 4 numbers. The eight 
letter notation for the point 1 = (1,1,1,1) of the 3-space is 1278 + 1458 + 1234 
+ 1357 + 1256 + 1368 + 1467, 3456 4+ 2367 + 5678 + 2468 + 3478 4+ 2457 
+ 2358 and the notation for the point ¢ is obtained from this by the ith power 
of 7, where T= (17654) (283). 

These 14 sets of 4 numbers constitute the planes of a finite Euclidian 
geometry, where the numbers are considered as points; there are 4 points to 
a plane and 2 points to a line. This same Euclidian geometry can be obtained 
from the PG(3,2) by striking out all the points of a plane, which will cut 
out 3 points from each plane. Another statement of the above is that the 14 
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sets of 4 numbers constitute a quadruple system,* for when any 3 numbers 
are given there is always a fourth determined. 

The proof is as follows. When 3 numbers as a, 3, c, are given this de- 
terminesa line in the 5-space ; this line determines a congruence in the 3-space 
whose 5 lines have the notation 


abed + efgh, abce + dfgh, abcf + degh, abcg + defh, and abch + defy. 


But through any point of the 3-space there is but one line belonging to a con- 
gruence, hence the fourth letter belonging to abc in the notation for this line 
is determined when this line is given. 

The group, which leaves a plane of the 3-space or a point of the 3-space 
fixed, is of order 14-12-8 = 1544 and this is the order of the group of the 
Euclidian geometry and of the quadruple systems on 8 letters. 

There are 15 quadruple systems related to the planes of the 3-space and 15 
related to the points of the 3-space. The points of the 3-space are trans- 
formed into the planes and vice versa by the odd transformations of the sym- 
metric group on 8 letters, hence the 2 sets of 15 quadruple systems are conju- 
gate under the symmetric group, while the members of each set of 15 are 
conjugate under the alternating group, which changes points into points and 
planes into planes. 

The 8 letter notation for the puints of the 3-space enables one to calculate 


15 nF 
the corresponding transformations of the Z. //. G. 8 and the G8 immedi- 
2 2 
ately. The method of passing from the linear homogeneous group to the 
alternating group has already been given on page 11. To pass in the reverse 
direction it is only necessary to determine into what points the vertices of the 
fundamental tetrahedron are transformed. This gives a method, which does 


not require the direct use of a table of corresponding transformations. f 


Applications to Kirkman’s School Girl Problem.} The problem 
is “to arrange 15 school girls in parties of 3 for 7 consecutive day’s walks, 
so that no 2 girls may walk together more than once during the 7 days.” 


* E. H. Moore, loc. cit. 
+ Such a table is given by L. E. Dickson.  Mathematische Annalen, vol. 54 (1901°, page 
564. 

t See Ball, Mathematical Recreations aud Problens, page &9, for numerous references to 
the problem. 
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A congruence of the 3-space as 


S, 10, 15 1467 + 2385 
%& & 2 1567 + 2554 
zs, 4, 38 or 4567 + 2381 
3, 8, 13 1456 + 2587 
4, 9, 14 1457 4+ 2586 


(the latter in the & letter notation) is obtained by polarizing for the surface S 
with respect to the 3 points of a line in the 5-space which is wholly off the 
surface S, and taking the points of the 5-space which are common to the sur- 
face Sand the 3 polar 4-spaces; these common points represent the lines of a 
congruence in the 3-space. The above congruence is obtained by polarizing 


with respect to the 3 points 


(1,0,1,0,0,1) 28 
(1,1,0,0,1,0) or 38 
(0,1,1,0,1,1) 23 


(the latter in the & letter notation). The group of a congruence is thus com- 


” 


posed of all members of the alternating group which permute 3 letters among 
themselves, hence is of the order 5-3/2 = 360. A day of the school girl 
problem is evidently a congruence. 

A week’s solution consists of 7 congruences which do not have a line in 
common. The 5 lines of a congruence can be written in the & letter notation 
abed + efgh, abce + dfyh, abef + degh, abeg + defh, and a ch + defg, 
i. e., they are given by ahex + defyh/xr, 2 = d, , fa, h, and the congruence 
is determined by polarizing with respect to the 3 points ah, be, ca, of a line in 
the 5-space. There are 2 types of congruences having a line in common with 
the above congruence, I, abd + eefyh 2, 2 = ¢, €, f. 4, h, obtained by polar- 
izing with respect tothe points a4, 7, da, and I, abedh’s + efyer, nn a, bh, 
c, d, h, obtained by polarizing with respect to the points on fils qe. Wenee 
in order that 2 congruences shall have a line in common, the lines in the 5-space 
with respect to which we polarize must either have a point in common as ah 
or they must not belong to the same heptad. ence the school girl problem 
consists of finding 7 lines in the 5-space which do not intersect and such that 
any 2 lines always have a heptad in common. 
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The 8 heptads give a complete solution of the problem. We take 7 of 
the heptads as (1234567) and form a ’G'(2,2) with heptads as points, and 
the following triads as lines : 

123, 145, 167, 547, 246, 257, 356 - 


Each of the sets of 3 numbers determines a line in the 5-space which is 
wholly off the surface S and no 2 of the 7 lines have a point in common 
and each two have a heptad in common. These 7 lines in the 5-space thus 
determine a solution of the problem. 

There are 30 PG(2,2) related to 7 letters, and since there are 8 heptads 
there are 30-8 = 240 solutions of the school girl problem belonging to this 
geometry. The 30 PG(2,2) belonging to a set of 7 heptads are conjugate 
under the symmetric group and there are 2 sets of 15 such that the members 
of each set are conjugate among themselves under the alternating group. 
H[ence there are 2 sets of 120 solutions each, the solutions of each set are 
permuted among themselves by the projective collineation group * and one set 
is transformed into the other by a polarity. 

If we apply the cyclic transformation (12345678) to the above PG (2,2 
we obtain 8 solutions, which do not have a congruence or day in common. f 
These & solutions embrace all 56 congruences. By a transformation of 
period 15 we can obtain 120 solutions from these 8 and by means of a duality 
all the 240 are obtained. 

Each solution is invariant under a group of order 168, since it is a 
P(i(2,2) on 7 heptads. From this 2’?4/(3,2) we derive 240 solutions. There 
are 215/8 equivalent spaces which are conjugate with this space, hence there 
are 240-2-15/8 solutions of the school girl problem to be obtained from these 
spaces. J. Powerhas shown that this is the number of possible solutions, 
henee each school girl solution is related to a ?}G(3,2).4 

Application to the Equations of the Eighth and Lower De- 
grees, A particular expression, § 

US LyMyH Wy + Wp yUyHq + MyRyH 3H yg Ay gMyXz A AX yXMGo + MyplzXGXsy A Rpg GX 


+ MMHG + MyMyLo, A MpMGEUGAy A MoM ~MoTs H MTG s A MyM y"gX_ HF AAs gy 


* KE. Hl. Moore, loc. cit., page 441. 

+ FE. HW. Moore, loc. cit., page 443. 

tJ. Power, On the Problem of the Fifteen School Girls. Quarterly Journal of Mathe- 
matics, vol. 8 (1867), pp. 286-251. 

§ Mathieu, Journal de mathématiques pures et appliqués, vol. 6 (1861), pp. 241—823. 
See page 291. 
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n the 3-space and is invariant 


which is the notation for a point or a plane i 
-8 = 1344, has been used to re- 


under a group of substitutions of order 14-12 
duce the general equation of the eighth degree to a special one whose Galois 
group is of order 1344.* The expression ” has 15 conjugates under the alter- 
nating group and hence is the root of an equation of the fifteenth degree 
whose coeflicients can be rationally expressed in terms of the coeflicients of the 
original equation and of the square root of the discriminant. On adjoining 
a root » of this equation of the tifteenth degree and adjoining the square root 
of the discriminant, the general equation of eight degree reduces to a particular 
one with the Galois group of order 1544. 

The equation of the seventh degree may be considered by allowing one 
of the heptads to be fixed. A function which plays a similar role to the one 


above for the equation of the seventh degree is 
US UU gly Ay G Ly Myles HLL pHg tp MGM yMy + MpXy%sy + XA yTe. 


This is the notation for a school girl solution and as has been shown is inva- 
riant under a group of order 168.) Thus » has 15 conjugates under the alternat- 
ing group. Hence on adjoining a root of an equation of the fifteenth degree 
and adjoining also the square root of the discriminant, the general equation of 
the seventh degree reduces to a special equation whose Galois group is of 
order 168.t | 


New Haven, Cony., 


APRIL, 1909. 








*H. Weber, Lehrbuch der Algebra, vol. 2, page 377. 
7 H. Weber, loc. cit , page 540. 
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THE GEODESIC LINES ON THE HELICOID 
By S. E. Rasor 


Introduction. To find the geodesics on the helicoid we will first ob- 
tain them for a surface to which the helicoid is applicable and on which they 
are more easily obtained. Since lengths are preserved in the application of 
surfaces and since geodesics are shortest lines they must correspond on two 
applicable surfaces. Or, analytically, the geodesics will correspond on two 
applicable surfaces since only #, #’, and G and their derivatives enter the 
ditferential equation of the geodesics. 

It has been shown®* that the helicoid whose equations are 


z=u'cos’, y=u'sine’, z=at', 
u’ being the radius vector and v’ the angle made by the z-axis and the projec- 
tion of the radius vector on the xy-plane, is applicable to the catenoid whose 
equations are 


x=ucosv, y=usinev, z=dare cosh (wa), 


a 2 — a 
u=95 on +e ’ 


where u and v are defined as for the helicoid and where u2«.¢ The two 
surfaces are applied when we choose as corresponding points those for which 


woa+u?, ver’. 


The correspondence of the two surfaces when one is thus applied to the 
other has also been exhibited,t viz., the smallest circle of the catenoid cor- 
responds to the axis of the helicoid, other circles corresponding to helices ; 
the meridians of the catenoid correspond to the straight line generators of 


the helicoid. 


*Darboux, Theorie générale des surfaces, vol. 1, pp. 77, 82. 
+t The discussion is limited throughout to real points and real geodesics. 


t Darboux, 1. c., vol. 1, p. 83. 
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The Geodesics on the Catenoid.* The differential equation of the 
ceodesies on a surface of revolution? becomes 


(1) w—=c, ds*= dz? 4+ dy?+d2. 


If c = 0 in this equation we obtain, since u = 0 is not possible, v = constant, 
so that the meridians on the catenoid are geodesics. Of the parallel circles 
only « =a is a geodesic since it is the only one for which the principal nor- 
mal is normal to the surface, this being a necessary and suflicient condition. 

By substituting in /s in equation (1) the values of dx, dy, dz from the 


equations of the catenoid, we obtain 


/ du 
= veces - ae ae a > a, 
( ) \ (ie ~_ wr) Ce —¢*) 


There are three cases of this equation to discuss, viz., 
c>@, ¢<6, ¢=4, 


in which only positive values of ¢ will be considered since changing the sign 
of ¢ only changes the sign of v in (1). 
First CASE: ¢ > a. Since v7 = a*, it follows that u? > ¢? if the integral be 


real, Substituting ” = c’sin ¢, equation (2) reduces to 


"} d 
(3) r= | $ : +m, 
J» y 1 — k. sin*d 


in which / = a/c and m is any constant; m can be chosen equal to zero 
without loss of generality since the geodesics for the different values of m 
‘an be made to coincide by a rotation about the z-axis. Thus 


t= 


c 
——, v= Ft; 4), 0O5¢a7 
sing 
are the equations of one branch ot any geodesic of the first kind. But 
sin @ = ¢/” = cos a from Clairaut’s equation,t proved by writing (1) in the 

* Cf. Darboux, |. c., vol. 3, p. 4, fora brief discussion of the geodesics on a surface of 
revolution having meridians extending to infinity and a parallel of minimum radius. 

+ Knoblauch, Theorie der krummen Flachen, pp. 147,148. 

; Knoblauch, l. ¢., p. 148. 
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udv ‘ , : : 
form w- “We =o in which a is the angle between an are of the geodesic and 


the are of the circle. It follows that 
d= 2uTr+4r ta, 


where n is any integer. 

But on the circle u = c, supposed above the xy-plane, sin ¢ = + 1 and 
therefore a =nz. The geodesic is therefore perpendicular to the meridian 
at the point where it is crossed by the circle vu =c. Let u be positive and in- 
crease frome. Suppose ¢ to start from 7/2 and to approach zero; then uv in- 
creases indefinitely, and the geodesic approaches asymptotically the meri- 
dian r = 0. Considerations of symmetry at once show that the geodesic is 
syminetrical with respect to the meridian plane, v = /'(/, 7/2), since wu re- 
mains the same for both 7/2 + ¢ and 7/2 — ¢. A branch of the geodesic for a 
given cis thus enclosed between the planes r= F'(/, 0) =Oand v = 2 F(k,7, 2) 
= Fk, 7) and lies above the circle «=e since u>ec along the geodesic. 
As ¢ increases from 7 to 27 another branch, equal to the one just described, 
is obtained which is tangent to the circle u=c at r= F(k, 37/2). The 
equations of this branch may be written, since u and ¢ are considered positive, 


—u=csingd, r= F(k, >), wi oS 2. 


This process may be continued indefinitely. 

If 2/'(4, 7/2) is not commensurable with 27 the branches of the geode- 
sic fora given care repeated in endless procession without returning to the 
starting point. If the ratio of 2/'(/, 7/2) to 27 is equal to p/y where p and 
q are integral, then while 7 describes p complete revolutions the geodesic con- 
sisting of g branches returns to the starting point and may be said to be 
“closed” although each of its branches runs to infinity. But 2/'(/, 7/2) isa 
continuous function of 4, varying monotonically from 7 to «© as * varies 
from 0 to 1. There must therefore be infinitely many values of 4° for which 
2 (k, 7/2) is commensurable with 27. Consequently ‘closed ” geodesics exist 
on every catenoid. 

Moreover, the angle 2/'(/:, 7/2) becomes infinite as ¢ approaches a and 
k approaches unity, so that as the circle, uw = ¢, approaches the smallest one, 
u =a, the geodesic winds about the catenoid an increasing number of times 
before it becomes tangent to v= c. But as ¢ increases, 2/’(4, 7/2) decreases 
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and approaches its minimum 7 as c becomes infinite and & approaches zero. 
The limiting “closed” geodesic (not a circle) therefore winds about the cate- 
noid just once and goes to infinity once. 
Secon CASE: c<a. By the substitution vu = a/sin ¢, equation (2) 
reduces to 
é dd 


4 nr 
(4) » yl—# sin? 


where / = cand, as before, « may be taken equal to zero, and where we 
study the behaviour of and ~ for values of ¢ in the intervalO S@ 5 7. It 
is to be noticed that ¢ no longer has the geometrical interpretation of case 


one. Thus, for this branch, 


a 


sin d’ 


i= 


rok Fk, $), 0s ) = 


are the equations of the geodesic. 

If¢=7 2, then u=aand a =are cos (7) since cos a=cu. As d 
increases to 7, uv increases without limit, and a increases to 7/2, so that the 
geodesic approaches a meridian asymptotically. Meanwhile v is increased 
by kF(k, 7/2)- 

But the surface is symmetrical with respect to each meridian plane, 
and also with respect to the plane of the cirele,u =a. As v, therefore, 
varies from 0 to 24F (hk, 7/2) =kF (hk, 7), a branch of the curve starts at 
infinity on the upper or lower part of the surface at the plane + = 0, crosses 
the circle vw =a at an angle a = are cos (¢ a) at the point 7 in the plane 
v=hkF(k, 72), and passes to infinity on the lower or upper part of the 
surface where it approaches asymptotically the meridian » = h/'(k, 7). There 
is a pencil of geodesics through this point 7, each one intersecting «= @ in 
its own angle corresponding to the values of ¢. As v increases again by 
kF'(k, 7), another branch of the geodesic is obtained crossing the circle uv = a 
at the plane v=k F(k, 3/2); so we may proceed indefinitely. 

But as ¢ approaches a and & approaches unity, /F'(4, 7) becomes infinite 
and the geodesic winds about the catenoid increasingly often before crossing 
u =a, and the angle of intersection with u = a approaches zero. As c and 
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k approach zero, //'(k, 7) approaches zero, and thus the limiting case of 
this class of geodesics is a meridian. If 24/'(k, 7/2) is commensurable with 
2m, the geodesic returns to its starting point and may be called “closed”, by 
which is meant however only that for a given ¢ the geodesic consists of a 
finite number of branches. ‘There are an infinite number of values of /: for 
which this is true. If it is not commensurable with 27, the branches are 
repeated in endless procession and never return to the starting point. 

THIRD CasE: c = a. If in equation (4) we put & = c/a = 1, the equation 
of the geodesics reduces to 


a * do r © 
5 =e - j = ——_ = a — pe 
() , sing’ » cos “eg om G * >) 
But tanh vy = lie. 
e+e 


and, by substituting for v from (5), 





2 tan ia 

2 , a 

tanh vy = Zz eee; 
sec* 2 


* aie 

Therefore along the geodesic, u = a coth v = a —— This equation 
in the polar coordinates u, ” in the xy-plane represents a cylinder whose 
intersection with the catenoid will give the geodesics for ¢=a. As v ap- 
proaches zero, u becomes infinite, and as v increases indefinitely wu decreases 
toa. The geodesic thus starts tangent asymptotically to the meridian, v = 0, 
comes into the finite part of the surface as + increases, and with constantly 
decreasing radius vector winds about the circle wu = @ as v increases indefinite- 
ly. It is the limiting case of the geodesics of classes one and two. 

Through a given point on the surface there will then pass a pencil of 
geodesics of type one (c >a), a pencil of geodesics of type two (¢ < a), and 
two geodesics of type three (c = a), so situated that the two geodesics of 
type three separate those of type one from those of type two. This follows 
immediately from Clairaut’s equation, ucos a=c- Fora given point, wu is 
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fixed and as ¢ decreases continuously from 1 to zero through a, the angle a 


increases continuously from zero to 7, 2. 








TYPE 


The Geodesics on the Helicoid. \s has been said, the correspond- 
ence between the helicoid 


Ss @ cog ft, Y = © oe ft « 2S = @r ° . 


and the eatenvoid 


x = U Coa t. ae sin’, £4 8 are cosh (W a) 


in the application of these surfaces is given by 


, , " , s 
ao = @ =~ WY", vs tv. 


To a meridian » = “, + 2u7 of the catenoid correspond parallel straight line 


generators 


= U' COS 7, 4 = W SM Us, z= al Uo . 2um) 


of the helicoid, 

To the minimum parallel circle, “=, of the catenoid, corresponds 
uw’ = 0, the axis of the helicoid, but to each point of the circle correspond on 
this axis an infinite number of points, 27 units apart. 

To any other parallel of the catenoid u= 4 « corresponds a helix 
uw = VF — v? on the catenoid, but to each point of the circle correspond an 
infinite number of points on the helix lying in a line parallel to the z-axis 
(vertical) at a distance 27a units apart. The correspondence of points in the 
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two surfaces may be made more precise by considering only those points of 
the catenoid on one side of the minimum parallel, for example only points 
for which z = 0, and by supposing w > 0; then to each pair of values of u 
and v corresponds a single point of the surface, and to each point of the sur- 
face, only one value of «, and values of + differing by multiples of 27. 

If in the equations of the helicoid we suppose wu > 0, we shall have a 
single point corresponding to each pair of values of wu’ and +’, and conversely, to 
each point of the surface one value of uv’, and one value of +» So that both 
wand uw’ being positive we have to one point of the helicoid a single corre- 
sponding point of the catenoid, but to each point of the latter correspond 
points of the helicoid in the same vertical line, 27a units apart. It is on the 
basis of such a correspondence that the equations of the geodesics of the 
helicoid are given in terms of elliptic functions. But in the discussion of the 
geometrical properties of the geodesics of the second class—those crossing 
the minimum parallel of the catenoid and the axis of the helicoid — the 
continuations of these lines have been included, namely points of the catenoid 
for which z is negative, and points of the helicoid for which w’ is negative. 

If the double signs are omitted from those equations they will indeed be 
still the equations of geodesic lines, but the correspondence would perhaps be 
not so clearly exhibited. 

Each branch of a geodesic on the catenoid for the first case, ¢ > ¢, was 
found between meridians making an angle of #’(4, 7) with each other. They 
are tangent toa certain circle, uw = ¢, at a point half way between two such 
meridians. A corresponding helicoid geodesic lies between planes which pass 
through the axis and differ in angle by /'(4, 7), as appears from the geome- 
trical meanings of v and +’. The geodesic approaches asymptotically the 
generators of the helicoid which lie in these planes and touches a certain helix 
corresponding to w= c. There is a pencil of geodesics of this type through 

‘ach point of the surface. 

If /’(4, 7) is commensurable with 27, other branches of the same geodesic 
for the same ¢ are tangent to the same helix vertically over the first: point of 
tangency : in other words there are equal geodesics, tangent to the same helix 
at points in a vertical line, which approach asymptotically the same generator. 
If not commensurable this is not the case. But at the limit, when ¢ = @ and 
I'(k, 7) is infinite, the geodesic of the third class winds about the helicoid in- 
definitely and only approaches the axis uv’ = 0. | Moreover as c is indefinitely 
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increased, /'(k, 7), the angle between the asymptotic generators, approaches 


its minimum value 7. _ 
The equations of these geodesics may be written in terms of elliptic 


functions. The equations of the corresponding catenoid geodesics are 


a 


tusing=c, v= Fk, $), k= =. ¢=amnr. 
Therefore 
tusnr=ec, or Vut+a-snr=ec=a/sk., 
Hence 
, , Th 1 — kesh? ; adn wv! 
2.3 v= —A-sn-r or ust = 
. ye | én Asn ve’ 


since =". Thus the required equations are 


; adn’ - cos” 
x=-ucosr =+— ———. 
kh snr 


oe adn’. sin?’ 
=8 sint = —_—— a 


‘=~ 
™ 


Aesne’ 


~» 
~ 
~ 


We suppose 7’ positive throughout, so that the signs of x and y¥, in the 
equations above, are to be respectively those of cos 7’ and sin 7’, 

For the second case, ¢ < a, a branch of the catenoid geodesic crosses the 
circle » = a midway between two meridians making an angle of &/'(k, 7) 
with each other and is asymptotic to these meridians. Hence the branch of 
the corresponding helicoid geodesic crosses the axis at an angle a = 
are cos (c/a) midway between two generators asymptotic to the geodesic and 
making an angle of ' =F (hk, 7) with each other. If kF'(k, 7) is com- 
mensurable with 27 there are equal branches of geodesics issuing from points 
on the axis distant 2n7« with parallel tangents at those points with a common 
asymptotic generator. If kF'(k, 7) is not commensurable with 27, this is 
not the case. ‘There are an infinite number of values of k for which kF'(k, T) 
is commensurable with 27. 


REE 
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The equation of the geodesics of this class may be written as follows : 
a cos v" 
tn (o/h) ’ 

asin v 


tn (e"/k)’ 


x=u' cosy’ =+ 


y=wu' sine’ =4 
— 
z<=av, 


' 


a ; , . 
where u Th) ,and 4 = a/c from the equations of the corresponding 
jf 


= tn(” 
catenoid geodesics. As in the first case, the sign of wu’ being throughout taken 
as positive, the signs of x and y are respectively those of cos x’ and sin 2’. 

The catenoid geodesics for the third case c = a were found when pro- 
jected on the xy-plane to be 


u tanh v= «a, 
which for the helicoid reduces to 
u' (e" —e-*’) = 2a, 


since u? = u? + a. If v' approaches zero, wu’ increases indefinitely ; and as 
v' increases u' decreases and approaches zero. Therefore, as v' increases from 
0 to 27, the corresponding geodesic starting at an infinite distance traverses 
the entire helicoid and at each period of 27 lies closer to the axis. 

The equations of the geodesics of this class may be written in the form 


x = u' cos +’ = a cosech 7” cos 2", 

_ ! S / oo} J/ 
y =u’ sin v' = a cosech ¢ sin ?", 
z=ar, 


where «' = a cosech 7’. Through each point of the helicoid, not on the axis, 
pass two geodesics of this class, separating, as in the catenoid, those of the 
first and second classes which pass through that point. 


Omo Strate UNIVERSITY, 
1909. 
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CUBIC CONGRUENCES WITH THREE REAL ROOTS 


By Epwarp Bb, Escotrr 


Gauss has shown that the complete solution of the equation 
ee 1 — 


where # is prime, is found by solving some auxiliary equations whose degrees 
are the factors of n — 1. These equations are called cyclotomic equations. 
(jauss showed that these equations are irreducible. 

Consider, for example, the equation 


x —1-—0. (1) 


Calling one of its complex roots @, the remaining roots are @*, w', o, 


wo, wo, wo = 1. 


Since the sum of the roots of (1) is zero, we have 


l+o+o°+o'+ o + ow 4+ ow = 0. (2) 


Arrange the roots so that the exponents are in geometrical progression. 


Several groupings are possible : 


w, wo, wo, wo (=o), 


wo, w", w'? (= w'), wo (= w'), --- (:5) 


i. e., two groups of three each: or 
@, wo, wo” (=w),--- 


o-, w'? (= w’), wo? (= w-), stats ( 1) 


108 


w:, wo (= w'), o'™ (= ov), 


i. e., three groups of two each. 
If we take the sum of the roots in the same row in (3) for roots of a new 
equation, i. e. 
a=o+o'*+ o, B=o' + wo’ + ow’, (5) 


(86) 
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we shall have 
e+an+2=0 (6) 


with the roots a and £B. 
Similarly, in (4) if we put 


a=o+ o’, B=" + @’, y= o' + a, (7) 
the equation whose roots are a, 8, ¥ is 
e+er?—-2e—1=0. (8) 


Equations (6) and (8) are the cyclotomic equations for the division of the 
circle into seven parts. * 

From (7), a? = w + 20° + o® = ow +24 0= B+ 2; alsoP=7+2, 
and 77 =a + 2. 

I’rom these relations, we see that all the roots of (8) can be obtained 
from any one root, and since (8) must have one real root, all of its roots 
must be real. 

In order to apply these results to cubic congruences with modulus an 
odd prime, let us summarize briefly a few of the properties of these con- 
gruences, 

A congruence cannot have more roots than its degree. The degree of 
a congruence (mod p) can always be reduced to p — 2 by Fermat’s Theorem. 


x’—-'=1 (mod p), x #0 (mod p). 


A congruence of the first degree always has a root. 

A congruence of the second degree has two roots or none. 

A congruence of the third degree has (a) three roots, (4) one root, or 
(c) no roots. 

The condition that a cubic congruence shall have three roots is rather 
involved, so it seems of interest to consider a large class of congruences 
which have three roots (when they have one). 

An example is obtained at once from (8). 

If the congruence 

+ 2?7-—2e—-1=0 (mod p) (9) 


has a root a, it is evident that it has alsothe roots 8 = a? — 2 and y = & — 2. 





* For details see Mathews’ Theory of Numbers. 
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Let us consider the problem, to find the most general irreducible cubic 
eyuation in which each root is a rational integral function of another root, i. e., 


B=f(a), y=f(8), a=/(¥), 
and let the equation whose roots are a, 8, ¥ be 
e+t_azrt+he+c=0; (10) 
then by using the relation 
a®>+aa*+ba+c=0 


and similar ones for 8 and y, we can replace f(a) by a function of the second 


degree. 
Consider first the case where the roots have the relations 


B=a*—-n, y= RB —n, a=y'—NX, (11) 


and let a, 8, y be roots of (10). 

Form the equation whose roots are the squares of the roots of the given 
equation, by transposing the terms of even degree to the second member, 
squaring both members, and replacing z* by z. We have 


eB +4 (2b—a,) a + (4 —2ac)x-—A=0. (12) 
If we increase the roots of the given equation (10) by x, we shall have 
a+ (—3n+a) e+ (dn? — 2an4+ 6) 2+ (—n*+ an? —bn +c) = 0. (15) 


These two equations must be identical.  Equating coefttlicients, 


26-—-@=—3n+a, (14) 
G? — 2ac = 3n? — 2an + b, (15) 
c= n*® — an? + bn — cc, (16) 
From (14) 
n=4(@+a— 2h). (17) 


Substituting in (15) and solving for ¢, 


] 
C= — ba (at — 407) — ce? + YF 4+ ob). (18) 
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Substituting these values of » and ¢ in (16) and arranging with reference to 
b, we have 


3b4 + (8a? + 18) & 4+ (6at — 6a® — 18a + 27) 
(19) 
— (18at — 36a* + 180 + 54a) b — (a®— 6a* + 100° — 3a — 18a’) = 0. 


We can tell some of the roots of (19) at once. For example, in (11) if 
y = B =a, we have xn = a* — a; and since (10) becomes (x — a)* = 0, we 


have a = — a/3; whence x = (a? + 3a)/9 and from (14) 
a 
= —, 2 
b= 5 (20) 


This is one root of (19). 
In (11) instead of a, 8, and y being different, one root might be repeated. 
Instead of (11) we would have 


a=-a’*—n, B=B-nxn, (8 Fa). (21) 
Subtracting, a — 8 = a? — 8, i.e., l= a+, whence 8 =—a +l. 
Kquation (10) becomes 
(x+a)?(x+a—1)=0, (22) 
and comparing coefficients with (10) we find a=—a—1,b=— a? + 2a, 
whence a = — a — 1, and 
b=— (a* + 4a 4 3). (23) 


This gives another root of (19). 
In place of (11) if we had taken the relations 


a=a"*—QA, B=y7"—2n, y= R—n (24) 


we would have the same equations (14), (15), and (16). From the last two 
equations 8 — y = 7? — 8’, andsince 8 4 y, l=—y—A#,i.e., y=—A-1. 
Substituting in the second or third relation of (24), we have 


B+ B—n+1=0. (25) 
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Therefore, a, 8, y are roots of the equation 


(x—a)(e?+ua—n+1)=0. (26) 

Equating coeflicients of (26) and (10), we find —a+1=a, and 

—~a—n+1=b, whence a=—a+1; and since n= a*—a=«? —a, we 
have 

b=— (a — 2a). (27) 


This gives a third root of (19). 
Therefore, the remaining root of (19), and the only one which gives for 


(10) an irreducible equation, is 
b=— (a? — 2a +3). (28) 
From (17) and (18) we have, with this value of 4, 
e= — (a — 2a? + 3a—1), 
n=a—a-+ 2. 
Then the equation 
a +axn*— (a —2a+3)x—(a — 202+ 3a—1) =0 (29) 
has its roots a, 8, y connected by the relations 
B=a?—(#@—ay+2), 
y= A - (a? —a + 2), (30) 
a=7—(#@-—a42), 


and since it has one real root, all its roots are real. 

The application to cubic congruences is immediate. We have the 
theorem : 

The congruence 


m+ ax? — (a? — 2a + 3) x — (a — 2a? + 3a — 1) =0 (mod p) 


has three roots (when it has any), the relations between the roots being given in 
equations (30).* 





* We will have the same relations (30) between the roots if we replace a by — (a — 1) 
This gives two irreducible cubic congruences having the same relations between their roots. 
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To find irreducible cubic equations or congruences, having between 
their roots a more general relation than (11), namely 


B=a@+ha+l, 
y=? + kB + 1, (31) 
a=7+hy +1, 


we could use the preceding method, or we can obtain the results from those 
already obtained, as follows: 
Equations (31) may be written, 


k k\? hk? — 2k — Al 
B+ =(«+5) - ’ 











2 2 4 
k k k? — 2k — Al 

1+ 5=(8+5) -—{— (32) 
s of ky kt —2k—a4l 

ee 3 7+ 5) = 4 ° 


Increase the roots of (10) by 4/2, and we have 


| Bh\ , Bike bk ak? 8 
x! +(a i >) + (2 ~ ak + Te + (« ->+5 - z)= 0. (33) 


Substitute in the results previously found the coefficients of (33) in 
place of a, b, and c, and (A? — 2h — 4/)/4 in place of n; we have, then :— 
The congruence 
e+anr+bhn+e=0 (mod p) 
has three roots (when it has any), the relations between bie roots being 
B =a’ + ka + l, 
a=7+hy+/1, 


where 
b = — (a — dak — 2a + 3h" + 38h 4+ 3), 
c= — (a — dath — 2a? + Sak? + bak + 38a — 2h3 — 32 — 3k — 1), 
l= — (a? —3ak —a + 2h? + 2h + 2).* 





* We will have the same relations between the roots if we replace a by — a+ 3k +1. 
This gives two irreducible cubic congruences having the same relations between the roots. 
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92 ESCOTT 


Finally, the equation whose roots have the most general relation of the 
second degree, 
B= fa? +gat+h, 
Y=SP + gB +h, (34) 
a=fPtayth, 
can easily be found from the preceding. Equation (34) may be written 
in the form 


JB = (fa)? + a(fa) + fh, 
Jy = (JB)? + g(fB) + fh, (35) 
Ja = (fy)? + a(%) +h, 

which is like (31) with fa, #3, fy in“place of a, B, y: g in place of k; 


and fh in place of 7. 
If a, 8, y are roots of 


e+ar2=+ br+ec=0, 


ta, SB; fy are roots of 


e+ afer + bfx + cf%= 0. 
The corresponding theorem is: 
The congruence 
etarvthe+ec=O0 (mod p) 
has three roots (when tt has any), the relation between the roots being 
B=fa?+ga+h, 
y=fP+gB +h, 
a=fP+gy +h, 


where 


bf? 


— (af? — dafy — 2uf + 3g? + 39 + 3), 
of? = — (a f8 — 40 fg — 20 f? + Safy? + dafyt daf— 2g* — 389? —3g — 1), 
hf = — (ef? _ 3afy —_ af + 29° + 24 + 2). 


UNIVERSITY OF MICHIGAN 
ANN ARBOR. 






































A GENERALIZATION OF THE GAME CALLED NIM 
By E. H. Moore 


In the third volume of the second series of the ANNALS OF MaTHEMA- 
Tics Professor Bouton described and gave the complete mathematical theory 
of a known game for which he proposed the name Vim. 

I propose to describe a generalization of Nim, which may be called Nim,, 
read Vim index k. Here k is any positive integer, and the game Nim, is the 
original game Nim. Nim, has likewise a complete mathematical theory which 
I shall content myself with formulating. 

Description of the Game Nim,. There are two players A and B and 
an assortment of objects of any kind, say counters. The dealer A takes as 
many counters as he wishes and separates them at will into any number (2 1) 
of piles. The players draw alternately from this deal of say n piles, B 
drawing first; the player drawing the last counter (or counters) wins. In 
each draw the player must draw one or more counters from some one pile 
and he may draw at will from any number of piles not to exceed &. (Thus, 
in Nim, each draw is from one pile.) 

Mathematical Theory of the Game Nim,. It is clear that, if A deals to 
B fewer than k + 1 piles, 2 may win on the first draw by drawing all the 
counters. Sucha deal is an unsafe combination (to adopt a term used by 
Bouton) for A to deal to B. There are in fact two kinds of combinations : 
safe and unsafe combinations, the fundamental properties being that every 
unsafe combination by a suitable draw may be made safe, while every safe 
combination by every draw is made unsafe. Thus, if «1 deals a safe combina- 
tion to B, B by drawing cannot avoid making it unsafe, 4 by drawing suitably 
makes it again safe, and so on until finally B is obliged to reduce the number 
of piles below / + 1, when A wins. On the other hand, if A deals an unsafe 
combination to 2, B by drawing suitably makes it safe, and then the game 
proceeds as before, until 2 finally wins. 

Formula for safe combinations. Let the combination be of n piles 
containing respectively cj, ¢3, - + -, ¢, counters. | 
(93) 
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Represent these n numbers 


C; (eal, ---+, #) 


in the binary scale of notation, i. e., determine integers 


i=l,---,n 
“d tie “| er ‘) 


each 0 or 1, in such a way that 


. = »)2 i 9) coe € 
C; = Cio + Cy 2! + Ci2 2 +--+ +e, 2+4+--- (= 1, 2, - + -, »). 


These integers ¢;, are uniquely determinable. Then the combination is safe 
if and only if 


> = 0 (mod / + 1) (j=90, 1, 2,---), 


e., ifand only if for every place 7 the sum of the n digits ¢;(¢ = 1, ---, n) 
s exactly divisible by 4 + 1. 

This definition and the theory as well as the game Nim, are generaliza- 
tions to 4 = k from the case k = 1 of Nim. 


—_s he 


Tue UNIVERSITY OF CHICAGO, 
CuHIcaGo, ILL. 























A SIMPLE METHOD FOR GRAPHICALLY OBTAINING THE 
COMPLEX ROOTS OF A CUBIC EQUATION 


By Rutuerrorp E. GLreason 


Ler a+b —1andc denote the roots of the equation 
w+ pur+qert+r=0. 


Plot the curve 2° + px? + qx+r=y. The curve cuts the z-axis at 
P=(c,0). If a straight edge be revolved about P as a pivot until it 
touches the curve as a tangent at 7’, the abscissa of 7’ will be a, and the 
slope of the tangent will be 4*. Thus the real part, a, of the complex roots may 
be found immediately, and the coefficient of the imaginary unit from the fact 


that 4?(a@ — c) and the ordinate of 7’ are equal. 
This is easily shown as follows : 
(1) a+ per+qr+r=y. 


dy 


to du? + 2px + q. 


The tangent at the point (,, y,) is therefore 
(2) Y¥— Yi = (382i + 2px, + 7) (e@— 2%). 
Since a + 6 ¥V — 1 and care the roots of a3 + pet+qet+r=0, 
p=-—2a —-ec, q = a + 2ac + BD, r=—a’c — be. 
Putting x = a and substituting the values of p, g, rin (1), 
y=? (a— ec). 
Putting 2, =a, y, = (a —c), and substituting the values of p and q in(2), 


we have 
y = P(x —c) 


as the tangent at 7’= (a, (a —c)), from which it is seen that the tangent 


at 7’ passes through 2. 
(95) 


2 a 


aa oe 


Sate Sore 
a 


OD e. det en En 


EASES es RNs 


we 








roe aw 
; .; 


eT Ss ee 
- Suse Gat 


~ 


96 GLEASON 


When the curve has a maximum and a minimum, if the minimum is 
above the Y-axis, a is greater than ¢ and the ordinate of 7 is positive. 
Hence 4?(a —c) is positive, and 4 is therefore real; but if the finite maxi- 
mum is below the X-axis, a is less than c and the ordinate of 7’ is negative. 
Hence ?(a — c) is negative and, since a —c is negative, 4 is real. In the 
third case the Y-axis is cut in three places and we may choose any of the 
three intersections for c. If the intersection corresponding to the root 
whose value is algebraically least is chosen, and ais greater than c, then 
b?(a —c) is negative; but since a —c¢ is positive, / is a pure imaginary. — If 
the middle intersection is taken for c, /?(a — c) is either positive or negative 
and a is greater or less thanc, in such wise that 4 is always a pure imaginary. 
If the middle intersection, when it is taken for c, is at a point of inflection, 
b(a—c) =Oanda=c. In this case 2 cannot be determined graphically. 
If the third intersection is taken for c, 4?(a@ — ¢) is positive and a is less than 
c, and & is therefore a pure imaginary. Hence in the third case a + } ¥ -— 1 is 
real. It is seen that the third case furnishes an interesting check in graphically 
obtaining the roots of the cubic when they are all real. If the curve possesses 
no maximum and minimum we may substitute point of inflection for both 
maximum and minimum in the foregoing discussion. 


PasaDENA, CAL., 
APRIL, 1908. 
































THE TOPOGRAPHY OF CERTAIN CURVES DEFINED BY A 
DIFFERENTIAL EQUATION 


By F. R. SHarpe 


ConsIDER the equation 
; dy ax? + 2hry + by + 2gx4+ 2fy +e 

(1) dx tau? + Wary + Uy + We + Wyte 
The existence and form of the solution near an ordinary point and near a 
singular point (that is a point of intersection of c,;=0,c,;=0) are well 
known. The object of this paper is to discuss the general configuration of 
the integral curves of (1). 

The pencil of conics 





, 


9 
(2) ra 
through the four points of intersection of the conics c, = 0, c, = 0 is such 
that the integral curves of (1) have the same slope A at the points where 
they cut the curves of (2). Massau* has given to such curves (2) the name 


iscolines. The slope of (2) is given by 


o>, So. ‘& ~ ge 4 

(3) dx + dy dx ~ ‘Noe + dy az 

Hence (2) will have the slope » at the two points in which it meets the line 
0c, Oc} = 0C3 2 OC, 

(4) Bx dy ~ * ie t r By 


Eliminating between (2) and (4) we find for the locus of all such points 
for the pencil of conics (2) the quintic 


P oC 9 oc, tne ae 0Cy an OC ce? 
(5) Ga Ft By U8 = By Wt FO 


If we differentiate (1) we see that (5) is also the locus of points on the 
system of integral curves of (1) at which 
d*y 
dx? 


* D’Ocagne, Calcul graphique, p. 149. 


= 0. 





(97) 
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98 SHARPE [April 


It is therefore the locus of the points of inflection of the system of integral 
curves of (1).* 

From the form of (5) it is easily seen that it represents a quintic having 
a double point at each of the four points of intersection of c, = 0, ¢ = 0. 
Each conie of the pencil meets the quintic in two points apart from the double 
points. The pencil of conics therefore determines on the quintic a group of two 
points with one degree of freedom. The tangents to (2) at these two points 
have the slope A and are therefore parallel, the line (4) joining them must 
then be a diameter of the conic. The envelope of these lines is the conict 


¢ - 2) ef ee 
Cy Ow Cx Cy 

There are three values of for which (2) breaks up into two straight 
lines. The quintic (5) therefore passes through the three points of intersec- 
tion of the pairs of lines and (4) is in each case the tangent to the quintic at 
the intersection. If one of the lines into which (2) breaks up has the slope 
X the quintic degenerates into this line and a quartic. If (2) breaks up into 
two parallel lines, (4) is an asymptote of the quintic. There are two values 
of X for which (2) is a parabola. The line (4) is then parallel to the axis of 
the parabola and one point of the quintie is at infinity. Hence (4) is parallel 
to an asymptote of the quintic. If the axis of the parabola has the slope A, 
the quintic touches the line at infinity. 

If we choose for our conics two other conics of the pencil, the differential 
equation (1) becomes 
(6) oS 

dx Co + Deg 
The corresponding quintics therefore form a triply infinite system each having 
a double point at the four points of intersection of the pencil of conics which 
determines twelve of the twenty constants of the general quintic. The 
quintics also pass through the three intersections of the pairs of lines of the 
pencil and through the two points at infinity on the axes of the two parabolas 
of the pencil. Hence we have accounted for all the constants. 

The asymptotes of (2) are parallel to the lines 


an? + 2hry + by? = r(a'a? + Qh'ry + by). 


* T’Ocagne, Calcul graphique, p. 153. 


+ The envelope of the line joining a gj on any curve is a conic. See Bobek, Wiener 
Berichte, vol. 93, part 2 (1886). 
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Hence there are three values of for which an asymptote of (2) is also an 
asymptote of the quintic, namely the three roots of 


a+ 2X + bd? = A(a’ + 2h'rA + O'r?*), 


and (4) is the equation of the asymptote. 

The quintic corresponding to (6) is therefore determined. When the 
conic (2) isan ellipse or parabola the two points on it which also lie on (5) are 
necessarily real, but if (2) is a hyperbola the two points may be imaginary so 
that no part of the quintic lies in one pair of the angles formed by two of its 
asymptotes. 

When (2) has the slope \ at one of the intersections of ¢, = 0, ce = 0, 
it is easily seen geometrically that the tangent to (2) is also one of the two 
tangents to the quintic at the intersection. On moving the origin to the inter- 
section, (1) takes the form 


(7) dy _ ax* + Qhry + by? + 2qyr + 2hy 
dx a'x? + Q'ry + 2b'y + 2g[x + Fly’ 





The tangent at the origin to (2) is therefore 
ne + fy =MIe+SiY)s 


and if this has the slope A, 
9+ fir =A(g + fr). 


Hence the point is a crunode, cusp, or acnode of the quintic according as the 
roots of this quadratic are real, equal, or imaginary. The type of singularity 
at the origin depends, as is well known, on the nature of the roots of this 
quadratic. When the origin is an acnode the integral curves near the origin 
must be spirals since there is no inflection near the origin and the integral 
curves cut each conic of the pencil at an angle different from zero, since they 
can be tangent only at points of the quintic. 

When two or more of the four points of intersection of c,= 0, c,= 0 coin- 
cide, the pencil of conics havea common tangent at the point and if this point 
be taken for origin, (1) has the form 


‘ dy _- m(2gx + 2fy) + ax® + 2hry + by® 
(8) dx m'(2gu + 2fy) + a’x? + 2W'ry + Uy? 





The slope of the integral curve through a point (x, 7), which approaches 
the origin along a curve not there tangent to gx + fy = 0, approaches the 
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value m/m’. By approaching the origin along one of the conics of the pencil, 
dy/dx may be made to take any desired value X. On making the linear sub- 
stitution 

x’ = mx — my, 


y =grt+Tty, 
the equation (8) takes the form, dropping the accents, 


dy 2y + ar? + 2hay + by? 
dx aa? + 2h'ey + by? 


(9) 


in which a, a’, etc. do not however denote the same values as in (8). This 


a m q , , 
substitution fails in the case —; = — *., that is when the slope of the inte- 
Th 


gral curves is the same as the slope of the common tangent of the pencil of 
conics. In this case we take 


' 


x=, 


y =gu+ fy, 
and (8) takes the form 
dy = a's? + Qiry + hl? 
dz 2y + au? + 2hay + hy? 





(10) 


The integral curves of the two normal forms (9) and (10) are of the same 
nature as orthogonal trajectories, the values of dy dr from (9) and (10) being 
reciprocal. If three of the four intersections of the pencil of conics coin- 
cide, a’ = 0, and the conics have second order contact. If all the intersec- 
tions coincide, a’ = h'=0, and the conies have third order contact. If 
ax? + 2h'zy + by? is a perfect square, the conics have double contact, and 
Vala + vil y = 0 is the common chord. 
The quintic corresponding to ({) is, from (5), 


(ax + hy) (a'x? + 2h'xy + b'y*)3 
+ (1+ he + by —a'e — hy) (a2? + 2h'ry + by?) (2y + ax? + 2hry + by?) 
— (x + b'y) (2y + as? + 2hry + by?)? = 0. 


The terms of lowest degree are 2y(a'x? — h'y?) and the terms which are in- 
dependent of y are (ha' — h'a)as + ca'x,. Hence the origin is a triple 
point, 7 = 0 being a tangent, and y is a factor if a’ = h' = 0, or whena = 0. 
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When a’ = 0 there is a cusp at the origin as well as asimple branch. When 
a's? + 2h'ry + b'y* is a perfect square, Vc? x + Vb’ y is afactor. If a’ = h' = 0, 
the quartic to which the quintic reduces has a tacnode as the origin of the form 


2y+ar=0, yt+ar=0. 
The quintic corresponding to (10) is 


(a'x + h'y) (2y + ax? + 2hay + by’)? 


—(l+her+ by) (a'x? + 2h'xy + b'y?)? = 0. 


The terms of lowest degree are 4(a'x + h'y)y*, and the terms which are 
independent of y are (d’a — ha')a'x® — ax, Hence the origin is a triple 
point with a cusp. When a’ = 0 then y is a factor, and when a’ = h' = 0 the 


quintic reduces to a cubic. 

In any particular example it is usually easy to draw certain conics of the 
pencil and to mark on the inflectional quintic the values of » from — x to 
+ «0. The integral curves are then seen to be of certain distinct types de- 
pending on the nature of the four singular points. The following are interest- 


ing cases. 


EXAMPLE 1. 
dy _(+y)*-1 
dx (2—y)*—1 


Here (« + y)? = 1 and (# — y)? = 1 are the lines and degenerate parabolas 
of the pencil. Hence «+ y=0 and r—y=0 are asymptotes of the 
quintic. The points (+1, 0) are acnodes and the points (0, + 1) crunodes, 
the tangents having slopes 1 + V2. An asymptote of the conic of the pencil 
X = 3.38 is the asymptote 7 = 3.38z of the quintic. 

The quintic has its center at the origin (see the figure). 

EXAMPLE 2. 

dy —r—27y 


dv 4a + 4y + dry ; 
The quintic in this case reduces to 


(y+ 1) (a? + dry + 4y? + dry?) = 0. 
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es 
~~ 
. 


EXAMPLE 


dy yl dy — 2 
deve ot” and de yy —1 


The quinties reduce to 


ro = 1)(y —r)=0, (7p —1l)?= at*y. 











The integral curves are ¢ 


4. 


(e-? r y in ( 
y= — — — (' 
y Pet ( ‘e- 2 ’ » y + . 


ba | 
: 
~ 
a. 
oO 


For the first of these we have !im (7) =1, and lim (y)= — 1. 
r=0+ ** r=0— ** 


EXAMPLE 4. 


The quintic reduces to y = 0, and (y — #*)(y — 20?) + 2ry = 0. 


CorNELL UNIVERSITY 
ITHaca, N. Y., 
Fesrvuary, 1909. i 
























ABEL’S THEOREM AND THE ADDITION FORMULAE FOR 
ELLIPTIC INTEGRALS 


By Harry Huntincton Barnum 


Tue addition formulae for the Legendrian elliptic integrals 











ee ee ee 
0 V(1l —2)(1 —/?2) 
. 1— h?2z*) dz 
1 E(k, 2) = [ Ft 
r) (A, z) oVi—#)(1—F2) 
1c) II(n, k = [- on... 
poe ae (1+ nz)V(1 —z)(1— A?) ; 


are well known and have been derived in various ways. The object of the 
formulae is to give values for the expressions 

Fk, 4) + F(A, 22), 

E(k, 4) + E(k, 2), 

II(n, &, 2) + I(n, 4, 2), 
each in terms of a third integral of the same type, whose upper limit is an 
algebraic function of z, and z,, with the addition of an algebraic or a loga- 
rithmic term in the second and third cases. 

In most of the elementary works on the subject the proofs of the for- 


mulae depend on the more or less artificial discovery of an algebraic solution 
of the differential equation 


dz, dz, 


——— + - = 
Vl — 2i)(l— #21) ¥(1—4) (1-3) 





0, 





or upon somewhat complicated applications of Abel’s Theorem. The ob- 
ject of this paper is to give an elementary derivation of the addition formulae 
(103) 
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suitable for presentation to a beginning class in the subject, by a method 
which may serve also as an introduction to Abel's famous theorem. 

A complete comprehension of Abel's theorem as it is about to be stated* 
requires an acquaintance with the theory of functions of a complex variable, 
and in particular with Riemann surfaces. But the succeeding sections are 
developed independently of the theorem, its use being merely to indicate the 
methods to be used. Furthermore the lower limits of the integrals involved 
in the proofs are everywhere so arranged that only real expressions occur. 

For the sake of brevity the addition formula for integrals of the first 
of the three types (1) is derived from that of the third type by putting 
n=0. But the simple independent proof, quite similar to that of the 
third type can be readily carried through by the reader. 


1. Abel’s Theorem. Let ( and C'’ be planecurves given by the equa- 
tions 
(2) C: F(ry) =9, 
: Cc": d(ry) = 0. 
These curves have x points of intersection (7).%,), ++ + (aYn), Where x 
is the product of the degrees of C and C’. Let /?(.c,7) be a rational function of 
xand y where y is defined as a function of « by the relation /'(2,7) = 0. 

Consider the sum 


(3) i= : [° Reyyae, 


LM o 


éasi 
ry 

the integrals [ R(sy)jdx being taken from a fixed point, (79, yo) in the 
Sidhe 


Riemann surface of the function #'(z,y), to the n points of intersection 
(2, Yi)> +++ (Ly, Y,) Of the curves C and C’. If some of the coefficients 
yz, +++ 4, ofb(2,y) are regarded as continuous variables, the points (x;,¥;) 
will vary continuously and hence J will be a function, whose form is to be de- 
termined, of the variable coefficients a), a, - ++ ay. 

Abel’s theorem may now be stated as follows: 

The partial derivative of the sum J, with respect to any one of the coef- 
ficients of the variable curve ¢ = 0, is a rational function of the coefficients 
and hence J is equal to a rational funetion 


of the coeflicients of 


*See Goursat, Cours d’ Analyse, vol. 2, $360. 
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(x,y) =0, plus a finite number of logarithms or arc tangents of such 
rational functions. 


2. A useful lemm2. Before proceeding to the derivation of the ad- 
dition formulae a lemma* will be proved which will be of use later. 

Let f(x) = 0 be an equation of the nth degree with the distinct roots 
Xj, Zz, +++ X,q. Also let F(x) = 0 be any abitrary polynomial in x. The 
fullowing identity can then be readily established, 


x F(x) x, F'(7;) 
4 . =hAh+ hax t+ kya? + 
(*) ja een Ht ee 





The integral terms are the quotient of xF(x) divided by f(x), and the 
terms of the sum are the partial fractions to which the remainder over /(<) 
gives rise. If we set x = 0 we get 


n 


(ai) 7 


(>) 


from (4). Hence we see that if F(x) is of degree (n — 2) or less, then 
k = 0, and the symmetric functions (5) of the roots must be zero. If F(x) is 
of degree (n — 1) or more 


will be equal to the term independent of x in the quotient xF'(x)/ f(x), as is 
indicated by (5). 

3. The Addition Formula for £(k,z). We proceed now to the 
establishment of the addition formula for elliptic integrals of the second 
type, 


. tie 7 lM a)de 
(6) E(k, 2) =["s va-— a) (1 — 2) 





By the substitution 2? = x (6) may be thrown into the more convenient form 


a =["y Vx(1 —2x)(1- _ — kx)’ 


* Petersen: Funktionstheorie, §39. 
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which is the Riemann normal form. We take now, corresponding to the curves 
C and C’ of (2), the curves 
(7a) C: y=xl—2z)(l—2), 
(7b) co": y=artb. 
The elimination of y between these two equations will give us as the abscissae 
21, £2, #; of the points of intersection the three roots of the equation 
(3) o(c) = kd — (1 +h + a?) 2 + (1 — 2Qab)e — B= 0. 
The function 22(x, y) in (3) is here 
1 — Ax 
R(x, y) = ———_,, 
J 

where + is defined by (7a). We have then corresponding to the sum (3), 
the function 


(9) Ia, b) - (1 — At) dec +f” | (1 — A®x) dc 
0 Ve(l—2z)(l—xr) Jo Yx(1 — 2) (1 — #2) 


. |. (1 — A*x)dzx 
1 Va(l — 2) (1— he) 


For the purpose of keeping the discussion in the real field the lower limit of 
the third integral is taken as 1/4” instead of 0. As however the integral 
between the limits 0 and 1 4? is a constant, this is not an essential alteration 
of the sum which occurs in Abel’s theorem. 

To determine the form of J(a, 4) we take its partial derivatives with 
respect to a and 4 


el él ex, ‘ clér, @éT Gry 
CaO, Ca CL,04 Ces Ca 


(10) 

r Cr, 4 1 —_ Kar, Crs 

yy, ca Ye Gu Y3 ca” 

Since xz, is aroot of (8) we may substitute z, for x in it and take the deriva- 
tive with respect to a, noting that z, isa function of a. We find then 
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the accent denoting differentiation with respect to x, From equation (8) 


this becomes 





ay = 0), 
or because of (74) 


—_ 
$ (2) = — 24%, = 0. 
— . Ox, —_ C2 0x3 . 
Substituting this value for —— and the similar ones for —— and —— in (10), 


— j 
Ca Ca Ca 
we get 


ol 9 : XL, ake : x 


These sums are in the form of those in (5), where f(x) is the function $(2) 
in equation (8), and for the first sum F(x) = x, while for the second 
F(x) = x*. Hence because of the lemma the first sum vanishes and the 
second is equal to the constant term 1/A? of the quotient 2°/¢(x). We have 
therefore, 





ol 
(11) —=—?. 
Similarly 
eI _ ef dm, | aT dey, aT de 
ch ea, Bb + br, “0b ” Gaz 0b 
3 
1 
9 si = _ 92 . 
anes “* 2037 ™ Fen 


i=l i=l 
To find 7(a, 6) we now integrate equations (11) and (12). Equation (11) 
gives 

I(a, b) = — 2a 4+ f(b). 
The derivative of this expression with respect to / vanishes because of (12), 
and hence /(+) must be a constant. Consequently equation (9) becomes 
z; _ j2 Zs _ ke 1 
(13) — (L—ax)dx +[ ( *x) dx 
Vx(1—x)(1—A2x) Jo Vx(1 — a) (1 — A®x) 

Ls — 2 

1 ¥x(1 — x) (1 — x) 

kz 
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where 2, 22, 23 are the abscissae of the intersections of the curve (7a) with 
the straight line (7), i. e., the three roots of equation (8). The formula (13) 
is in fact an addition formula for E(’, x), though not in the usual form. 

In order to transform equation (13) let us keep the intersection point 
(x3, ys) in figure 1 fixed, place (x, ¥,) at the origin, and denote the resulting 





° 








Fic. 1. 


values of 23, Y2 and a by x’, y' and a’ respectively. Then equation (13) 
becomes 
~~ oa = -[° a (l poi Kx) dx - 2a! + C, 
4 V2(1 —2z) (1 — Fz) 0 Vx(1—2)(1— Fe) 


which substituted in (14) gives 





ws (1 — Mr) dx ‘ Me (1 — hx)dx 


o Vx(l—z)(lL—Ar) Jo Vx(1 — 2) (1 — Fx) 


- | _ k?x) dix sii 
[ Vr(1 ers x)(1 — kx) + 2(a —a), 


the usual form for the addition theorem. 


It remains only to express zx’ and a’ — a in terms of x, and 7,. 





Since 
2%, Xa, 23 are the roots of equation (8), we have 
L? 1 — 2ab 2 2 
(14) XL L_%3 = 2’ LoX3 aa 3X) + X= a Ly oe Lo a r3 = 1+ — i é 
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from which we find, when x, = 0, 






+e 





2’ = 


5=0, 





er) sees 


kx!) . 





(15) Bz,’ f= /0="0- 


From equations (7b) and (14) 








A 

/ +2, el 

cn b (a — %3) (1 — hYrs) |g aM 

= = @ o_o sie 
r3 r3 ; r3 ; X3 A% 





(16) 





—_— x’ — f2,! ——" 
= a ad k*x') — KY x22! 


= a’ —_ keyx, woe) x’. 


From equations (14) and (15) 


XLo 


i? 


/ 


1 


x 
K*x5 


Since (x, y,) and (22, 72) are on the straight line (7b), the value of 5 can 


be found from the equations 


Y¥,=4%,+6, y2= 0%, +b. 
We have then 
1 — h*x,27, 


“i ~ . « 
UY. + ty" 


r — Le 


4 = 1 Ze 


the help of equation (7a), which (x,,y,) and (2,7) also 
expression for x’ is therefore 


(17) 





,_ 1 


XyY2 + T2If) 
“179 


1 — A? x 27, 


The addition formula for Elliptic integrals of the second type in the Rie- 


mann normal form is 


(1 — h®x)dzx (1 — A*x)dx 


where the second form is found by rationalizing the numerator of the first by 
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where x! is defined in terms of x, and x, by equation (17). The addition for- 
mula for the Legendre normal form can be found by transforming the varia- 
bles in (17) and (18) by the substitution x = 2’. 

It follows that the addition formula for E(k, 2) is 


[ (1 — A®z*)dz _ r -. (1 ~ h?z*) dz 7 
Jo VI1-2)(1-F2) Jo V(1l—2)(1 — B2) 


‘ 1 — h®2*)dz 
— —_— 
0 V(1—2*)(1 — Pz?) 


ay) 








where z' is expressible in the form 





(20) ya 2V (1 = 8) (1 = 8) + eV 21) 1 — a1), 


1 — A®zj2z5 





The addition formula for the usual trigonometric form of (4, z) can be 
readily’ found by making the substitution z= sin @ on all the variables in 
(19) and (20). 

4. The addition formula for II(n, %,z). We proceed now to the 
treatment of elliptic integrals of the third type, with the help again of the 
Riemann normal form. We take as the curves Cand C’ in (2) the same 
curves (7), the function 22(x, y) being in this case, however, 


1 
PR aay 


The sum analagous to that occurring in Abel’s theorem is here 





(21) Iy(ab) = ["_—_ on - + (—- 
» (+ neyV2(1—2)(1—Ar) fo (14 nay — 2) (1 Ba) 





‘ | dx 
4 (1 + xr)V¥2(1 — r) (1 — A*r) 
The partial derivatives of AT with respect to a and & are 


ch ¢Hér, Gh tr, GW Ory 
Cas G4, CA Oy CCG 


(22) 





3 
= 2 = ' 
> (1 oa nx;)' (x;) 


i=l 
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In order to apply the lemma in (5) we take 
f(x) = 2, 
S(#) = (1 + nx) (x — 2) (x — a2) (x — 23), 
with the roots — 1/, x,, x, x;. ‘We have then 
: 
~ F(x;) — 


3 2, 
27 (*:) ieu( +a)(2 +2 dG ca) OF IIR 


According to the lemma this sum must be zero, which gives us 














—n 
> (1 + nx; =e (2;) ~ PO + nx,)(1 + nx,) (1 + nx3) : 


i=l 
The substitution of this value in (22) gives 
on —2n 
~ RO + + nx,)(1 + nx,) (1 + nag)” 





This may be written in the form 


oh | —2n 
Ga A@[ 1 + n(x, + ry + 2g) + m2(xyry + Cyt + Lpty)+ Nc,xyt;] © 





The application of the relations given in (14) reduces this to 


(23) . SE ee 


7) 
sa —2nha+14+h4n4+ nb + - 


In a similar manner, by using /'(x) = 1 in the lemma, the value of 


A , 


—— is be 

ab is found to b« 
Te 9 

(24) 36 pealnerervnicigs - }?: 

nl? — 2anb+n4+14+h? +0 + o 





The integration of equation (23) can be effected by the use of a table of 
integrals. If we confine ourselves to real variables, there are two cases ac- 
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cording as p = (1 + n)(1 + #*/n) is greater than or less than zero. In the 
former case, we have 


nb—a 








2 , 
25 >0, A = — arctan —+ f,(d). 
_ - Vp Vp 
For the latter case, 
1 nb —a—y/ _— 
(26) p<0, H=—— log v-? + fy(b). 


V-—p ~wb—at+y¥—p 


By means of the formula 


’ ry = V—1 





1 i+2 
arc tanx= —~ log - 
2,8 j= 
the two cases could be treated simultaneously. As it is our object however to 
keep the discussion in the real field the two cases will be treated separately. 
Differentiation of equations (25) and (26) with respect to 6, gives us 
ot 2n 
- ee oe a) 
ch je + f'(), 


nl? —2anb+n+1+4+h°4+ 4+ = 
and comparison with equation (24) shows us that /’(4) = 0, and hence 
J(b) = C in each case. 

From this point the work will be carried through only for the function 
(25), since the method is the same for each. Equation (21) then becomes 


dx dx 


[ (1 + nx)¥2(1 — x) (1 — Ax) +| (1+ nx) yra — z)(1 — A®z) 











(27) 


dx 2 nh—a 


+ : —— = — arc tan —_—_ + C.. 
I (1 + nt)Va(1 —2x)(1—A%x) VP vp 





Placing the point (x,, y,) at the origin, and using the notation of §3, we find 
again a value for the third integral in this expression: 











I dz a [ dx 
1 (1 + nx) Vel — 2) (1 — Pa) 0 (1+ nx)V¥2(1 — x) (1 — 2) 
= + ©. 


vp 
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+ — arc tan 
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Therefore (27) becomes 
dx dx 
i (1 + nx) V2 — x)(1— x) (1 + nx) Vx(1 — rs — k*x) 




















2 dx nb 
~ [ (1+ nz) Vx(1 — 2x)(1 —/*x) 2a ——— — sa oo “ak 


The trigonometric formula 


+B 
ia 


reduces the term outside the integral signs to the following form : 





arc tana + are tan 8 = arc tan 


are tan + are tan a = arc tan eal eh thd . 
vp "7 = al(nb = a) 

The substitution of the values of a, a’, and 6 from (14), (15), and (16) 
and the division of both numerator and denominator by the common factor 
(n + kx’) gives as the final form of the addition formula of Elliptic inte- 
grals of the third type in the Riemann normal form, when p > 0: 











dx . +[° dx 
(1 + nx)Vxz(1—2)(1—Ax) Jo (14+ nx)¥x(1 — 2) (1 — Px) 
‘2’ dc 


0 a ‘< nz) Vx(1 — — x) (1 _ — kx) 


YP ry x22" 
1 + nz’ — nVxyx,(1 — x’) (1 — Az’) ; 








+ La arc tan 
VP 


where x' is expressible in terms of x, and x, by equation (17). 
The substitution x = 2* as before gives us the corresponding addition 


om for the Legendre form: 
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z dz 
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where the expression for 2’ in terms of 2, and 2, is given in (20). 
A similar treatment of the case where p < 0 brings us to the forms: 


dx ‘Ts dx 


a + nx) Vx(1 - —z)(l-F ny » (1+ anx)V¥e(1l—2)( 1 — Re) 














-{" dx - 
~ Jo (1 + nx) Vx(1 — 2) ie h2x) 








¢ tog WEL = #1 — Be) — (1 + 2) = V = prvayrye! 


V—p ¥ RY £42(1 —2)(1 — Pr’) -(1 +re')+V¥ — p nvx,xy2', 
and 











“1 dz “2 dz 
| (1+ n")V¥(l — 2)(1 — #2) | (1+ n*)V¥(l—2)( — B22) 





-[ : dz a 
a » (1+ nz" )y (1 —2)(1 — kz?) 


(tig Oe ee 
“\P nzy2,¥ (1 — 2°) (1 — AP2")—(1 + nz”) + yf — prnz,2,2 
As stated at the beginning of the paper, the addition formula for 
Elliptic integrals of the first type may be found directly from those of the 
third type by putting x = 0. From (25) and (24) we see that if n = 0, then 


i¥(ab) is a constant, and hence the addition formula for Elliptic integrals of 
the first type reduces to the simple forms : 


[ey a a a 
0 Ve(1 — x) (1 _ h*x) 0 Ve(1 — “)(1 ae h*r) me 0 Vr(1 oa zr) (1 = h*x) ’ 


and 


i a a +[ dz 2° dz 
Vi—-2)(1— Pe) 0 V(1- _ 2) (1 — hz) =| yil—#)(1 — 2)’ 


where, as before, x’ and z’ are related to x, x, and 2, z, respectively by equa- 
tions (17) and (20). 
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ON THE DETERMINATION OF THE ASYMPTOTIC 
DEVELOPMENTS OF A GIVEN FUNCTION 


By Wa tter B. Forp 


1. Introduction. The determination of the asymptotic developments 
of a given function is usually a problem of considerable difficulty and, when 
regarded in a general sense, is one for which but fragmentary results exist at 
the present time. The known determinations appear to be either those for 
special functions such as Bessel’s function J,,(z)* or for certain types of inte- 
gral functions defined either by infinite products or by Maclaurin series.t 
The importance of such developments is, however, well known. In particu- 
lar, if f(z) be an integral function of z defined by means of a Weierstrass 
product,{ the point z = x will in general be essentially singular and there 
will be no direct means of determining the behavior of 7(z) in the neighbor- 
hood of this point since the given product is not adapted in form to the study 
of the function when |z| is large. Such determinations are often important 
and are supplied as soon as the asymptotic developments are known. Like- 
wise, asymptotic developments in general supply information regarding the 
behavior of functions in the neighborhood of the point infinity. 

The problem, when stated in a precise form and in the one which 
we shall understand throughout the present paper, may be described 
as follows: Let F(z) be a given function of the complex variable z defined 
throughout the finite z plane and such that (a) the point z = « is an essen- 
tially singular point; and (4) when |z| is sufficiently large and arg z lies with- 
in some specified sector A there exist two functions f,(z) and ¢,(z), defined 
for values of z in A and such that for the same values of z 


n—I,A 


(1) F(z)= fi(z)+ $,(2) [ a. ay tes: $ont 





fn ~+ Wy, (2) 
Pan i 





*Cf. Lommel, Studien iiber die Bessel’schen Functionen § 17 (1868). 

+Cf. Barnes, Philosophical Transactions, Vol. 199 A, pp. 411-500 (1902); also Vol. 
206 A, pp. 249-297 (1906). Each of these memoirs contains an excellent bibliography of the 
subject. Cf. also Mattson, Contributions a la Théorie des Fonctions entiéres. (Thése) Upsal, 
1905. 


t Cf. Picard, Traité d’ Analyse, Vol. II, pp. 140-143. 
(115) 
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where py, %4,a9 *** %,, (n arbitrary) are constants and 


dit te, 0(2)= 0.* 

To determine the functions f, (2), $,(2) and the constants ay, 44%, a9 °° * | 

In the present paper it is proposed to show how the so-called Maclaurin 
sum-formula may be used in some cases to solve the above problem.{ For this 
purpose we shall apply the formula to a variety of special functions /'(z). 
No attempt will be made to obtain theorems of great generality, the belief 
being that a few illustrations will suffice to enable the reader to apply the 
method wherever possible for himself. In each of the cases considered only 
the functions f(z), $,(z) and the first one of the constants 4, @ja5 °° * Gna 
which is not equal to zero are determined since these three determinations 
constitute what is essential to the study of the behavior of the function for 
large values of |z|. The method, however, permits equally of the determina- 
tion of a, , when n = 0, 1, 2, 3, ---. 


2. The Maclaurin Sum-Formula. The formin which we shall take 
the sum-formula above referred to is as follows:§ Let f(.7) be a function of 
the real variable x which together with its tirst 24 derivatives (A 2 1) is finite 
and continuous throughout the interval x = 0. | Also, let 





*It may be remarked that a function F(z) may frequently be written as a linear combi- 
nation of expressions of the form (1) when |2z]| is sufficiently large and arg z is properly 
chosen, as in the case of Bessel’s function J (z)(cf. Lommel l.c.). In such cases the result- 
ing development is likewise said to be asymptotic, but in the present paper we shall confine 
ourselves to the primary form (1). 


+ Frequently the proof of the eristence of (b) constitutes a separate preliminary problem. 
This is the case for the functions considered in the present paper where both the existence and 
determination of the developments (1) are considered. 


} This formula likewise constitutes the central feature of the method employed by Barnes 
in the first of the memoirs cited above (1. c. p. 444). The formin which it there occurs is 
essentially different, however, from that which we adopt, the latter appearing preferable be- 
cause it takes into account the remainder, thereby rendering possible a greater degree of rigor 
and clearness in the deductions; also because certain restrictions present in the former case may 
be dispensed with, reference being here made especially to those imposed upon ¢(z) (l.c., $41). 

§Cf. Markoff, Differenzenrechnung (Leipzig, 1896), pp. 98, 99,132. Throughout we 
shall take h = 1. 

|| No conditions are explicitly stated by Markoff as regards the function S(z), but it ap- 


pears from the analysis of pp. 112, 113, 114 that the conditions which we here impose are suffi- 
cient. 
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¢7 (7-1 (7-2 
He) = + ain * Gait + AH 
where A, = — 3, As = A;5= AZ=+--+- = Ay gi = 
—1)7-1 
and Ay, = ( 1) B, . 
(29)! 


B, representing the gth Bernoulli number. 
Then, whenever the series 


n=D 


(2) 2,(m)= > [rom +n —t)dy,(t)dt (m 2a) 


n=l 
converges we may write 


z=m—1 


(3) > Siz)= if + [Heyae + A, f(m)+ A, f'(m) + A, f"(m)+ coed 


z=a 


+ Ay» f%-9(m)+ 2,(m), (a2 0) 
where C;, is a constant (independent of m) defined by the equation 
Cp = -[Aif(a)+ Arf (a) + AS'"(a) +--+ + Ana f(a) + 9,(a)]- 
For the important case in which 4 = 1 the formula becomes 


zr=m—l1 


(4) DY Hos + [Hepae — a femy+ (mn), 


z=a 


where C= 3f(a)—2,(a). 


3. Application to the Study of Asymptotic Developments. 
Example 1. To obtain asymptotic developments for the function 


< 1 
<(2n+1)? + a 


F(z)= 





i= 


We here choose a function which, by virtue of the well known formula 


tan > =D 1 
== a 
22 PEIEa nt — 2? 
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may readily be evaluated in the form 


a 


_ 
F()= 7 
3 


e*- +e 


we 


thus enabling us to compare the results obtained with known facts. 
Considering at first that z is real but different from zero, let us place 
1 


fJO=-gypaee *ahe=0 





Then the series (2) is convergent. In fact, upon observing that ¢,(¢) is 
negative for all values of ¢ between ¢= 0 and ¢= 1, we may apply the first 
law of the mean for integrals and write the nth term of the series—viz. : 


[ir (m+n — t)d,(t)dt, 


where the indicated second derivative is with respect to m — in the form 
1 
JS? (m+n — a) | dcayat = — 4 f®(m+n-— 6) (0<@<1) 
J0 


from which the indicated result readily appears. 
Likewise it appears that the nth term of the series (2) approaches the 


limit zero when m = x and hence that haved Q,(m) = 0. 


Upon employing formula (4) ~_y sil m=ax; also noting that 
= 1 f(m) =9, we thus obtain 


" da 1 
er =f are yreat Iga + #2) 


where ms 
(5) R(z)=—9,(0)= -> [{z = — al} $a(O)dt 


We note also that since each term of the series (5) when multiplied by z van- 
ishes when z = + ~, we shall have waite zR(z) =0. 
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Moreover, if in particular z is positive we may write 


1 de Pere tan @tIP=7_ = 1 
p (2a +1)? +22 22 z |._.-p-z *3° 


so that for large positive values of z we obtain 








w : 
(6) Fa= z+ ws ; at e(z) = 0. 

This last result may now be generalized to all values of z, real or complex, 
lying in any sector A whose vertex is at the point z = 0 and whose bounding 
lines lie within the right half of the z plane, the neighborhood of the point 
z = 0 being always understood to be excluded. To see this we first note that 
the series appearing in (5) not only converges, as we have indicated, for values 
of z which are real and different from zero, but for all values of z in A the 
convergence is likewise seen to exist and to be uniform. Moreover, each 
term of 22(z) is analytic throughout A. Thus it follows that /2(z) is itself 
analytic in this region.* Whence, by taking A so large that it includes the 
portion of the positive real axis in which (6) holds, the two members of the 
same equation come to represent two functions of the complex variable z, 
each analytic throughout A and coinciding when z is real, and therefore coin- 
ciding throughout A. Furthermore, since for values of z in A each term of 
?(z) when multiplied by z approaches the limit zero when |z| = «, it fol- 
lows that, _. z(z) = 0 from which we conclude that for the same values 





of z we may write ; Him ¢(2) = 0. 
On the other hand, when z is real and negative we obtain in like manner 
m™ | €(2) lim lim 
(z)=-—-— + — 3 e(z) = e(z) = 0 
F( ) 4z + z c=-—@ ( ) 2=+n ( ) 
and by reasoning as before we find that this e yuation holds true for all values 


of z (z = 0 excluded) within any sector lying in the /e/t half of the z plane, it 
lim 


z:|=o@ 


being understood that hegued is then replaced by 


Thus, in summary we reach the following conclusion : 


, 7 7 T 3 
According as — 5 +nzargz25-9 oF g + nZUjzz>-—19 





tCf. Osgood, Encyklopddie, 11 2, p. 21. 
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being arbitrarily small and positive, we may write when |z|> 9 


z [3 + (2) | 
. P lim e(z) 


. |jz|=a 
-< [ “ (2) | 


For the two sectors above mentioned the function /'(z) thus possesses 
asymptotic developments for which, in the language of §1, we may take re- 


F(z) ={ = 0. 


. ‘ cs 
spectively f(z) = 0, @ (7) = 1, @) = 9, G1. = 7 and f(z) = 90, 
$:(z) = 1,aq,=0,q 2. =—- 7 In case more of the coeflicients a,,, or 
a,, are desired they may be obtained by using larger values of 4 in ap- 
plying (3). 


4, Evample 2. The preceding result may readily be generalized as 
follows: Let 


w= 


(7) F@)=> os 


n=vU 





where 2,, #, When considered throughout the continuous domain n 2 0 
are such that (a) both are continuous; (b) both possess continuous first and 
second derivatives which remain less in absolute value than a constant; 

; lim, — A, | : 1 
(C) "Loh =Ht+n, ~p| < @ constant, p being a constant > 53 (d) 


|#,| < @ constant. 


The immediate application of (4) then shows that when z is real but dif- 
ferent from zero we may write 


Bede + Ho be 
Fe)=["5 r+ 2 tara the 





where a. 2R(z) = 0. If we now add the fifth hypothesis that (e) 


Sor all values of n sufficiently large (n 2 ng = a constant) the first deriva- 
tive X), of X, shall be positive and always greater than a constant different 
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from zero, it appears directly that the integral 


[ Bre 
bp A+? 


will vanish like : when z=+0. In fact we shall then have 


| a [ "0 pdx a | * pdx 
Jo mM+2 fo MHtEZ Sn, M2 


. : , F , 1 
of which the first term in the second member vanishes like 2 when 


z = + 2, while the second may be written in the form 


x ’ le # Xx r=@ 
OL _ het _= on [ are tan — 
Ny Az + 2 “ z r=N, 


: | we, | 
where Z is the greatest value taken by - when n 2 nm and _ where 


n 





—1<@<1. 
In particular, when z is positive we may therefore write 


F(z) = [1 + (2) | Pout e(z) = 0 


a y* 
ou “™ s pdx : 
zso+u 0 rn + 2 
We may now carry out the generalizations of this result as in the pre- 
ceding example, thus reaching the following conclusion : 


where 





, 7 T 7 aa 
According as — gtrzagzz 5-1 or stnzagze2 7-7 
being arbitrarily small and positive, the function F(z) defined by (7) may be 


put into the form 


a [1 on )] 

S €(2 

. on :[ pide lim ¢(z) = 0 
0 


F(z) =< = Me? |z| =a 


| - ak . (2) | | em 
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it being assumed throughout that |z| > 0 and that the above indicated condi- 
tions (a), (b), (c), (d) and (e) are satisfied. 
This result is evidently of especial value in all cases where the integral 


[ pdx 
9 APt 


is either known or is capable of easy calculation, as in example 1. 

It may be added that in order to be assured by the method that the func- 
tion ¢(z) is developable in the precise form called for by (1), where n is 
supposed to be arbitrary, it would be necessary to extend condition (J) to 
derivatives of all orders. 





5. Evample3. To obtain asymptotic developments for the function 


F(z)= [| [1+ At 


n=l n? 
As in example 1, this function may be evaluated beforehand and is equal to 


e7* = e— ** 





27rz 





’ 


thus furnishing a check on our subsequent results. 


We begin by writing 
ran 2 
(3) log F@)= Di toe[ 1 + 5] 
. n=m—1 —* 
= Jim | >> log (x? + z*)— 2 2. log n|. 
n=l n=1 


From the familiar asymptotic expansion for log} (m — 1!){t we have at 
once 


(9) —2 2. log n = — 2 log}(m — 1)! 


= — log 27 — 2(m — 4)log m + 2m + @,(m) ; lim w,(m) = 0- 


We proceed to apply formula (4) to the first summation in the last mem- 
ber of (8), taking for this purpose f(x) = log(x? + 2*) and supposing for the 





* Cf. Barnes |. c. (first memoir) § 50. 
+ Cf. Bromwich, Infinite Series (1908), §179. 
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present that z is real but different from zero. The formula may be applied 
since the series (2) becomes 


a=2 


am) = >) ['{ Talo er + ay} dca 


n=1 r=m+n—t 


and this is readily seen to be convergent when we apply the first law of the 
mean for integrals to its nth term (cf. example 1). Likewise we see that 


lim 0,(m) = 0. 


Formula (4) thus gives 


n=m—1 - 
(10) >» log(n? + 2*) =/ log(m? + 2*)dm — 3 log(m? + 2*) + 0,(m) + 
h i + 3 log(1 + #)+ R (z) 
where 
ie) 1 P 
(11) Riz) =—2,(1)=- 2. [ {a log (x? + ) } $2(¢) dt. 
n=1 z z=n—t+4+1 


By combining relations (8), (9) and (10) and then making use of the 
relation 


m 
| log(m? + z*)dm = m log(m? + 2*) — 2m + 2z are tan 
1 
— log(1 + 2) + 2 — 2z are tan, 
we obtain 


log F(z) = — log 2% — $ log(1 + 2*) — 2z are tan ; +24 R(z) + 
lim 2? m 
Prove ne [ cm — )log(1 +=,)+ 2z arc tan = + @,(m) + 24 (m) | 
Moreover, we have 
, 2 , ’ 
Jim (m — 4) log(1+=5)=0, lim a (m=o, Im am) =0 


and, supposing at first that z is positive, we shall have 


: m 
lim 9, arc tan — = 12 
m= @ Zz 
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and hence 


1 1 
(12) log F(z)=— log 27z+ 72-4 log (1 + 3) } 2(1 — zare tan )+ R(z). 


This result may now be generalized, as in example 1, for all values of 


; 7 
z (z = 0 excluded) for which — > + » = argz = 5 +, and for such values 


it appears directly from (11) that -_ R(z) = 0. Also, for the same values 


of z we have 
hepa log(1 + =) = 0, -_. (3 — zare tan =) = 0, 
and hence 
log F(z) = — log 27z + mz + (2); iim n(z) = 09. 
On the other hand, when z is negative we have, instead of (12), 


log F(z) = —log(— 27z)— 7z-—43 log(1 1 =) + 2(1 — zare tan )+ Riz). 


te 


Thus we reach the following result : 


° T T T OT 
According as — gtazagze5-9 wr Stn 2argz2 = —% 


n being arbitrarily small and positive, we may write when \z\ > 0 


e"* 
| fei!+ (=) ‘ 
F(z) =. HM ¢(z) = 


6. Lxvample 4. In generalization of the last result we shall merely 
point out certain consequences of the method as applied to the function 


F(z) =I 4 = | 
n=1 ” 


where X,, when considered throughout the continuous domain n = 1 satisfies 
the following conditions: (a) never vanishes; (b) is continuous ; (c) has 
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continuous first and second derivatives which remain less in absolute value than 


im n 


a constant ; and (d) 5 = a constant + 0. 


We begin by writing 
, n =m —1 n=m—1 
i“ log F¢2) = im | dS) log (4 + 2) - 2 = oe | 
n=l a= 8 


From (4) we have 


un=m—l 


(14) -—2 > logA, =¢ -[ log Xj, dm + log Ay + @,(m) ; Jim o,(m) =0 
n=1 
where 
— ced 
(15) c = — logaA, + 2 > [ | a log a. ,(t)dt. 
n=1° . zr=n—t+l1 


Again, if z be real but different from zero, the application of (4) to the 
first summation on the right in (13) gives 


n=m-—l 


(16) Zz log (Aj, + 2°) =/ log (Ai, + #)dm — $ log (Aj, + 2°) 
n=l . 
+ 2,(m) + $ log (AU + 2%) + R(z); tim Q,(m) = 0 
where 
; Cre... 
(17) Ri) =-> [ | dat 08 (re + # $;(¢) dt. 
n=1 0 Ga roan—t+l 


Moreover, by an integration by parts we obtain 


m 
(18) | log (A3, + )dm = mlog (Xj, + 2) — log (Aj + 2’) 
1 
_ 2 |” MA», aM 
1 


Xn + 2 


where X/, denotes the derivative of A,, with respect to m. 

Let us now make use of (14) and (15) in relation (13) and subsequently 
expand by means of (18) the second term in the second member of (14) and 
the first term in the second member of (16). 
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Upon placing m = x in the result we obtain 











ai " a nr i mr,din +R) 

i og F(z) = W — $log(y + *) + 2: i A(A2 + 2) 2 

i. where AY = c¢ + 2 log Aj. 

g 3 If we now introduce the additional hypothesis that for all values of n 
oe greater than some constant ny we shall have Xj, = 0, we find directly in the 
cf manner already indicated in example 2 that according as z is positive or neg- 


; or ative we shall have 
y ay - 
: (AW — log z + 2ayz + €(2) : li 
) 7 7 yT ony . e im a 
i log F(z) =) 5 i Pega th 3 en eps e(z) = 0 
rf (A — log(— 2)— 2a.z — €(2) = . 
an where 
‘f - 2 ’ 
3 . mr! dm 
3 (19) a, =2 lim :| —_—; 
ave 1 Am(An + 2°) 


and, if we now proceed as in the previous examples, we may generalize this 
result into the following : 


5 Oe T _* 7 2 33 
we According | +ynSarqz25 z= 9% or 3 + nS argzs 2 — 
a4 ” . ‘ 
; n being arbitrarily small and positive, we may write when \z\ > 0 
-' aye 
8 )} — [1 + e(2)| 
+3 ’ - i 
F(z) = lim ¢(2)=0 
- 3 — 4.678% s'i=@ 
J mT: 1 ee 1 cee ( ~ 
y | ] z 7) 
‘| 
z ‘ 


where a, = ¢* and a, are constants, 


NOS 6 


ear Pa n ned cane ape ove Maggette pion 


; As a noteworthy special consequence of this result, obtained from it by 






making the substitution z = 7z (7 = ¥ — 1) and expanding the resulting ex- 
ponential functions by De Moivre’s theorem, we note the following : 
Let ®(z) be any function of the complex variable z expressible in the form 


n=l n 

















in which r, when considered throughout the continuous domain n21 satisfies 
the following conditions: (a) never vanishes; (4) ts continuous; (c) has 








ee Retr ean 


AN 6s. 





ASYMPTOTIC DEVELOPMENTS 





1910] 127 


continuous first and second derivatives of which the Jirst eventually becomes and 
remains positive, while both always remain less in absolute value than a con- 


. r . 
slant; (d) lim “» — @ constant different from zero. 
n 


ii=Z 
According a8 n = argz =m—n or —74+ynBarGgz2 =—7, 7 being 
arbitrarily small and positive, we may write when |z| > 0 


\ [sin a,z — ¢ cos a,z][1 + €(z) ] 
@(z) = ; sine (2) =0 


jz|=2 
|S [sin az + ¢ cos az] [1 — €(z)] 


where a, and ay are constants. 

7. It will be readily perceived that the method employed in the preced- 
ing examples has a wide field of applicability. While we shall not attempt to 
carry the subject further, it may be noted that information may, in general, 
be thus obtained concerning the behavior for large values of |z| of any func- 
tion F(z) defined by a series of the form 


F(z) =¥ Ke) 


when, by taking / sufficiently large, it can be shown that the series 


=D 


1¢ Qe 
Q,.(m) = Ss [ {ae Set) } y,.(t dt ; m2a 


nasi ° zr=m+n-—t 


is convergent for all values of z in a certain real region, while for the same 
values of z it can be shown also that im Q,(m) = 0. In such cases we may 
apply at once formula (3) after which, upon letting m = x» , we obtain an ex- 
pression for F(z) which yields the desired asymptotic behavior when z is con- 
fined to the preassigned real region. By studying the properties of the same 
expression, we may usually generalize the result so as to obtain the asymp- 
totic behavior for one or more sectors of the z complex plane. 
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THE INTEGRAL ROOTS OF CERTAIN INEQUALITIES 


By W. H. Jackson 


1. Introductory. Let the residue, mod 1, of any number 2 be de- 
noted by F(x). Let d be any number and 8,’ be positive numbers less 
than 1. 

The following paper is concerned with integral solutions, }’, of the ine- 
qualities 

B> F( Yd) > B’. (1) 

If d is a commensurable number, 7?) Q, P and QY being positive integers 
prime to each other, and all positive integral roots [ }’,]‘~{ less than @ have 
been found by trial, the complete solution is given by 

Y= i, Yo,--+ Vy, mod Q- (2) 

That is, the series of roots of (1), arranged in order of magnitude pos- 
sesses a period Q. 

If d is not a commensurable number, this period disappears but is re- 
placed by a quasi-periodicity, the regularity of which is marred by gaps at 
certain points to be found later. 

Further, even when d is commensurable, this quasi-periodic structure 
may be found within the regular period Y. This is illustrated by the following 


’ . 
‘By a, 6 


bo 
qe 


36, 37, 38, 39, + 84+ 3, 
44, 45, 46, 47, 25 + 2-8 4- 3, 
52, 53, 54, 55. 2-25 + 2, 3, 4, 5. 


example : 
Let $>F(Y 3'5)> f- (3) 
The solutions Y, ¥a,--+- Y;, are as follows: 
xz & & 3, 4, 5, 6 
11, 12, 13, 14, & + 3, 4, 5, 6 
19, 20, 21, 22, 2-84 3, 4, 5, 6 
27, 28, 29, 30, 31 25 + 2, 3, 4, 5, 6 
} 
4 


~t 


; Be @ 


The second method of arrangement shows clearly that within the regular 

period of 58(= 2-25 + 8) there is a clearly marked quasi-periodicity, like 

that with which the recurrence of eclipses has made us familiar. It seems 
(128) 
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hardly correct to replace the term quasi-periodicity by the shorter word peri- 
odicity because neither the period of repetition nor the group repeated is 
quite permanent. 

There is a primary group, 3, 4, 5, 6, to which the term 2 may be added, 
or from which the term 6 may be omitted, and this we may denote by §,. 

There is a secondary group which we will call §,, which consists of 
the terms . 

Si, S, + 8, S, + 2-8, 


where it is to be understood that the final number is to be added to each 
member of the group /). 
The final group S, which is, in this case of the third order, consists of 
the terms 
S3, S, + 25, S, + 2-25. 


This group is repeated with perfect regularity. 

It is the object of the present paper to develop a method by which this 
periodic structure can be studied in detail. Actually to exhibit this structure, 
built up of one period within another, by a system of formulas which in- 
cludes all possible cases is too complicated a result to be reproduced here. 

It is of interest to note that the results are not limited to commensurable 
values of d, 8 or £’. 

The solution of the present problem was attempted in order to answer 
questions raised by the paper on shadow rails which immediately follows it. 

The writer has found no references pertinent to the subject. 


2. Notation. As may be readily guessed, it is the expansion of d as 
a simple continued fraction which is the initial step from which all else follows. 
Suppose d to be expanded in a simple continued fraction as below. 


os (4) 


aia minad Cot ttt % . % 


where the a’s are positive integers, 0 < ¢, < 1, 
1 
a, + &, 





The coefficients a, are most readily determined by applying the ordinary 
process for finding the highest common factor of two numbers to the numbers 
dand1. Inthe case where d is a commensurable number, 72/Q, it is more 
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convenient to apply the process to Pand Q. The equations thus obtained 
will be the same as those which follow, multiplied throughout by Q. 
Thus let 


d=a,-1+%, O<uw, <1, 
1 = Wp = Ag+, + Wa, O<uwy,< Wy, 
Ww, = Ag+ Wy + Ws, O < W3 < We, 
Wy—2 = Uy Wn 1 + rs O< wy, < Uy (6) 


The quantities w,, not considered in the usual treatment of continued frac- 
tions, are fundamental in the present discussion. * 

Let the rth convergent be denoted by p,/7,- Since this is obtained from 
the (n — 1)th convergent by the substitution of a, _,+ 1/a, for a,_,, it is 
easily seen that the following equations are true : 


PAr=4-1+ 9, (y=a-04+1, 
P2 = 42-Pi + iP, fz = 4-11, 
Ps = % +> Pz t+ Pr 9s = 43° I+ Ns 


Pan =n * aa’ + Py—2s Gn = UM * Yn—-1 + Jn-—2 (7) 
Further, equations (6) may be put into the same form as those just written : 
—_ wy — a, . 1 _ d, 
W, = 4,-(—v,) + UW, 


wg ey Oye Oy 


. 


(— 1)", = A,° (— | ada, ee + (— ) iets ee (3) 


Lastly, if in eyuations (7) we multiply each of the equations involving the 
convergents 7, by — d and add to the corresponding equations involving p,, 
we find by comparison with equations (8) that 


(— 1)" Wr =P, — Uns 
or Gul = Py + (—1)"4+!w,. (9) 





* It follows by comparison with equations (4), (5) that 


eS M1, Cy = 2/1, ee Cn = VUr/Unr1, Whence wv, = €1P2P3 2 2 o One 








a 





emt 
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The mode of construction of equations (6) ensures that the quantities w, 
form a sequence of positive quantities approaching zero as a limit. Equation 
(9) shows that they are fundamental in calculating the residues, mod 1, of 
integral multiples of d. 

It will be shown (Theorem #) that any positive quantity 8, less 
than 1, can be expressed as the sum of either a finite series or a convergent 
infinite series of integral multiples of the quantities w,. If in this series 
(— 1)"*! w, is replaced by g,, we obtain a corresponding series, divergent 
if infinite, such that if 2B, denote the sum of its first x terms , 


Jim’ F(B,d) = B. 
The converse process of finding #'( Bd), when B is given, will in general 
best be accomplished directly by multiplication rather than indirectly by first 
expanding & in a series of multiples of the convergents 9,. 


3. The Fundamental Theorems. Let 4,, 4,,---4, be positive 
integers and let 


B, = yd brs (10) 


r=1 


or, what comes to the same thing, let 
By = bngn + Bri (11) 
TueoremM A. Any positive integer can he uniquely expressed as a series 
(10) by means of the inequalities 
Qn4.> B, 2 0. (12) 
Further, the coefficients, 6, so determined satisfy the inequalities 


Mn +2 = Dna 


20, when b,=0, n #0, 
and Ongg—12by4,29, when n =0 or b+ 


0, n#0. (14) 


If inequalities (12) hold good for B,, it follows from equations (7) that 

two cases arise in which either 
(i) Qntt > By ZQn4idw (15) 
or (ii) Qn419n > B, 2 0. (16) 
In each case assume that inequalities (12) hold good for B,_,. It then 


follows from (11) that 
dn > By — bun = 9. (17) 
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That is, }, is the greatest integer contained in B,,/dny and the coefficients 4, 


are uniquely determined. 
In case (i), therefore, inequalities (15) and (17) give 


YIn+1 + Tn > (h, + 1)4, > An + 170° 
Hence, from (7) 
Ayn 4197n + ee Didn > (Qn41 — 1)4ns 
that is h,, = Ont (18) 
Further, if inequalities (12) hold for 2,,_., we see from (17) that 
Wn-1 7 Bg wut ini a & 0, 
and from a second application of (11), 
B,, — 4190 — a =U. 
From (7) and (15) (1 —b,-1)4n-1 > 9, 
whence b,-1= 09. (19) 
In case (ii), it follows similarly from (16) and (17) that 
An+} In > Widn >— ns 
whence wre er. | (20) 
Equations (18), (19), (20) show that the coefficients 4, satisfy inequal- 
ities (14) when xn 40. It follows directly from (7) and (12) that, also 
when n = 0, inequalities (14) are satisfied. 
Corollary. Conversely, if inequalities (14) are satisfied it follows that 
inequalities (12) are satisfied and hence that there is only one expansion of 


B,, in which the coefficients satisfy (14). 
The proof is as follows. Assume that 





In+1 > B,, = 0. 


If (Qn42—1)256,4,,20, 
(tn42—1) Gn41 = ng i dng = 9, 
and therefore Qn+2— nai = Bua 1 29, from (7) and (11). 


If bn41= 9, bn42 = Un 435 
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from (11) B, +2>= An439n+2 + By 

& 
and therefore On 4s9n42 + Inti > Bare > 0, 
that is Qn+3 > Bu4o>%. 


That is, if inequalities (12) are true for n, they are true for x +1. But 
from (7) and (14) it follows that they are true when n = 1. They are therefore 
satisfied for all positive integral values of n, which proves the theorem. 

It follows from equations (9) and (10) that 


Ba = p> bp, + p> (— 1)" +1b,0,. (21) 


r=1 r=1 
That is, the residue, mod 1, of 2,d can be uniquely expressed asa series of 
multiples of the quantities 7,, and the coefficients 4,, satisfy (14). This raises 
the converse question, can any positive quantity 8, less than unity be expressed 
as the sum of such a series, and so determine a multiplier 2 such that 


F( Ba) = B. 


First it is necessary to consider the nature of the convergence of sucha 


series. 
n 
Let 8,= > (— 1)" +'h,rr,- (22) 
r= il 
Let the first odd and even coefficients which are not zero be /,, _, and 
b,, respectively. 
“quations (6) enable us to write 
* . orf 
My > An42Vnar (23) 


It is convenient to note the following consequences of inequalities (14) 
and (23), when use is made of equations (6). 


(i) If szZu=1, 1 — w, > B, > Was 
and if sme az 8, Us, 2 > By > Wau? (24) 
(ii) If w=s+1, — We41> Ba > — Woe (25) 


(iii) If n>r, bp41 # O40 


0, — Wr44 > (— 1)"(8, _ B,) >—_ Uy 4 ie 
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(iv) If n>r, 0541 = 4425 
wv, > (- 1)"(B, ‘ain B,) > Uv, — Ure (27) 
(v) In all cases, 1 —w,>B,>— *- 


The above inequalities are written out for the case in which d is incommen- 
surable. When d is commensurable a sign of equality must be inserted either 
at the upper or lower limit. The limit at which it must be placed depends on 
whether the last a, which is not zero has an odd or even suffix. 

It is clear that the series 8, is convergent for all possible values of the 
coeflicients 4,, lying within the limits prescribed by (14). 

Of the above results, inequalities (26), on account of their generality, 
form the best starting point for the expansion of any positive number less than 


1 in a series £,,. 
Let B— By =B,+ (— 1)"Pns (28) 


where 8,=9 or 1 accordingas S8< or =1—w,. (29) 


It follows from (22) and (28) that 
Pn t+ Putt = Ong Mngt (30) 


Inequalities (26) suggest the following as a means of determining the 
expansion (28) : 
Wr > Prt Unni = O. (31) 


TuHeoreM B. Any positive quantity B, less than 1, can be expanded 
uniquely in the series (28), if each positive integer bh, is determined for suc- 
cessive values of n, when possible, from the inequality for p, in (31) and is 
otherwise zero. Further, the values of b,, so obtained satisfy (14). 

Making use of equations (30), we may write (31) in the form 


Uy, > bw, — Pai + Una 2 9. (32) 
These inequalities determine 4, as the least integer not less than 
(Pn—1 — Mn+1) / Op- 
Again, from (31), we assume 


Wr—-1>Pr—1 +”, = 9, 
whence, from (6), 


(4,41 =r 1)~,, > Pn—-1 — Mn+1 =— On — Mnes 
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and, therefore 
a4,;-12b,2-1. (33) 
If Wn41 = Pn—-1 + ¥, 2 9, (34) 
b, a3 determined by (32) would be negative, — 1 in fact; we write 4, = 0 and 
in this case we find by a double application of equations (30) to inequalities 
(31) for Pn +1 that 
Wnt > Onda Wn41 + Pn—1 + Wn4e = 0, 


which determines b,,  , as the least integer not less than (—p,,_ ,; — 
Further, from (34), 


Cn +2)/ w,, +1 


20, 41 >(Onga + 1) Unga — Mant Une = 0. 
Comparison with equations (6) shows that 
2041 >(On gi + 1 — Qn 42) Mn 41 = 9, 
that is b,, = 0, Dn 41 = An+e2 or An+2 —_ 1. (35) 
Hence if one value of p, is found satisfying inequalities (31), the series 
is uniquely determined for any number of terms greater than x. 
But when 8 < 1 — w, py = 8, and we have 
Wy > Po t+ Ww, > O. 
And when 8 = 1 — w,, pp) = B — 1, and again 
Wy > Pot U, 2 YO. 
That is, the series is in all cases uniquely determined. 
Lastly, it is clear from inequalities (33), (35) that the coefficients 6,, 
satisfy inequalities (14). 
Corollary. If p, does not satisfy inequalities (31), it follows from (34) 
by the means of (30) that, since b, = 0, 
Wr + Wao S Pat Un41 = Une (36) 
4. Applications. As a half-way step towards finding the integral 
roots of inequalities (1), it is convenient to formulate the conditions for 
F( Yd) zB, 
where 8 has the value assigned in (28). 
Let Y be expanded by Theorem A into the form 


Y= ¥,+ Sy 
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n n+m 
. —™~ — N* ; 
where Y= S ‘a S,= D Yr" (38) 
r= r=n 


It follows from equations ({), that if 


eS CDT te t= St ya — 9) 
ral 


then F( Yd) = 9 + 9, + (— 1)"@y, (40) 
where », is 0 or 1 as / is odd or even, as may be seen by referring to inequal- 
ities (24), (25). 

It follows from equations (6) that starting out from the critical value 
1 — wy, the interval from 0 to 1 is completely made up of the intervals separating 


1 — wy, Uy, My. Uys + + on the one hand, and 
1—w,, 1 — wy, 1 — w;, +--+ on the other. 

Two cases are best considered separately, in which either 
I, B<l—w, or Il, B=l—w,. 


I. In the first case, let 8 be contained in the interval ey, _ 97. From 
inequalities (24) (25) 


Fi Yd) >B, if =2hk-—1l,k <u, orif l=2s, 
Fi Yd)<8, if l=2-1,k>u. (41) 
If / = 2u — 1, write 8 = },,_) wy, — p2,—1, Where, from (31), 
ru—1 > Pry-1 + U2, = Y.- (42) 
PF) = Yen Wen na — Con --1 > 
where, from (26) and (27), 
Wy —1 > Fu —1 + Uy > YU. (43) 
It follows from (42) and (43) that 
Wau—1 > Pau —1 — S2uu—1,= Y, 
whence, if? = 2u—1, F( Yd)” B according as y,,_,2 by. (44) 
i iy, = 6)" 8 Meas # Oss 
B=B,+(—1)"(b,4 ra — Proi)s 
BY ¥d)= B, +(— 1) "(Yr 4 rg — Or 41)- 
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Three cases now arise, in which 
(i) Wr 41> Prerit Mry2 =O, 
Wr41 > Fr41 + Wry > O, 
whence Wr 41 >|Pro1 — %44/> 9. 
(ii) bp 41 = 9, Wei + Wega = Pega t+ Wry = Vea, 
Yr41 > Opaas Ur41 > Fr4i t+ Up yo > 0, 
whence Pr+i— %r41>9. 
(iii) Op 4 > Yr+. wri > Pr+1 + Wr+e = 0, 


Yr41=9, Wp4it+ Wrse > Op4, + Wr4e > Writs 


whence or41 — Pr41> O- 
Ilence in all cases, when [y, = bel" oy? Yra1 # Opa, 


F(Yd) 2B as (—1)'y¥p412 (— 1) 41. 
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(45) 


II. In the second case, let 8 be contained in the interval 1 — w,,_,, 
1—wy,,4 ,. Results corresponding exactly to those just proved hold in this 


case also. 


F(¥d) <8, ifl=2k,k<s orif 1= 2u—1, 
F(¥d)>B8, ifl=2h,k>s. 


If l=2s, F(¥d). 8 according as ys, = by,. 
If (yr =O)’. Year # beans 


F( ¥d)2 8B according as (—1)"y,4,7 (—1)"4-41. 
We are now in a position to solve inequalities (1). 


Suppose that 1— B'= 8+ B+ (— 1)" prs 


where 8), 8), p),, 61, Bi have values analogous to those of &o, 8,, pz, 5,, B 


in equations (29), (28), (22), (10). 
Further let 8” = 8 — £f’. 
It now follows from (40) that if Y be any root of (1), 


1 — Bi +B" + Ping > F(Vd) + F(Bin41d) > 1— Bo + Panga 


(46) 
(47) 


(48) 


(49) 
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That is B" + ping > FC Yd) > prr4is (50) 
where Y'= V+ Byai- 
Consider now the inequalities 

B" > F( Y¥'d) > 0. (51) 


By making x large, as many integral roots as we please of (51) can 
be made equal to corresponding roots of (50) and can therefore be made to 
exceed a corresponding root of (1) by the constant B’,, +). 

The solutions of (51) have been enumerated in inequalities (41)to(48). 
These formulas, therefore, provide the solution of inequalities (1). 

Let us now return to the example already considered, in which d = 7/58. 
We obtain on applying the method of finding the highest common factor of 
7 and 58, the following equations, corresponding to equations (6) and (7). 


7=0. 584 7, y=9-14+0=0, q=O0- 0O+1= Il, 
o8=8- 74+ 2, pp =8-04+1=1, Y= 8- 14+0= 8, 
tad 94-4, p3=3-14+0=3, qg=3- 8+1=25, 
2=2. 140. P=2-.34+1=7. Y=2.-254+8= 58. 
That is 

7 1 1 1 

— «2 : es , 

58 +§4542 


98u,=7, 58u,=2, 58¥,=1, w= 


We find also that 











8 43-0 =, ds 5 . 
Zo 5g TOM 0+ tee + Pay — FF (52) 
1 14-5 5 2 

5° = =2uv,-—0-w,+ ls — 5. (53) 


Hence the roots of (3), less than Q, are to be found amongst the numbers 


6 2 2 
2 0 0 


(2, 3, 4, 5, 6] + (0, 1, 2]8 + [0, 1, 2]25, 
as may be verified by referring to the table of roots following (3). From 
(53) the number 2 in the first term only appears in conjunction with 0 in the 


namely, 
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second and 1, 2 in the third term. From (52), the number 6 in the first term 
is omitted when it would appear in conjunction with 0 in the second term 
and 2 in the third. From (14) only 0 in the second term can appear along 
with 2 in the third. Whence the number of terms is 4. 3-342 —1—4.2—929 
which agrees with the table above. But the general law of formation is more 
easily followed if we construct the inequalities corresponding to (51). 
In this case 


, 1 29 
B = 2 = 58 = 4a, se 0 . We + Ws3- 
From (52) B; =6 + 243 - 56, Y'=56 + a 


ee ee 
2 = I (3 5a)? 0). 
The various groups are now as follows: 
S,; = [1,2,3,4], Sj = [0,1,2,3], 
S, = S, +[0,1,2]8, Si = 8,0, 
S; = S, +[0]25, S) +[1]25, S| +[2]25, (54) 
whence 
( 1, 2, 3, 4) 
9, 10, 11, 12 
17, 18, 19, 20 
Y—2= yY'= 425, 26, 27, 28, 29}mod 58, 
34, 35, 36, 37 


42, 43, 44, 45 
50, 51, 52, 53, | 








which is in agreement with previous results. 

The above equations (54) connecting S,, S,, S; have been written out 
above, because, although it would take up too much space to exhibit the laws 
of formation of these groups in general, still those already given are quite 
typical of the results obtained in the general case. 

One other result which is a special case of another general theorem may 
be noted. The group S, is repeated 7 times in S;, and therefore its average 
period of repetition is 58/7, which is the same thing as 1/w,. It is also the 
same thing as 1/d, but 1/w, is chosen, because the theorem states that in gen- 
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eral, this average period is 1/1, _,, where }!,,_, is the first coefficient in the 
expansion of 8” which is not zero. 

In conclusion, we shall prove the theorem which determines the smallest 
interval between two values of Y’. Let us denote this smallest interval by Z- 


Let >, — > B" > We, (55) 
If Bp" >1-—w, L=q, by (46). Otherwise, by (24),(31), 
B" = b3, — Wan —1 — Pan —1+ (56) 
Also, by (41), (44) and (45) 
F(¥'d) = Yon— Wm —1 — Fan —15 1! 1 S Yen & 9, (57) 


Two values of y:,_, ditfering by unity must lead to values of )'' 
differing by 72, , and in general the converse is true. For, if the expan- 
sion in (57) has coefficients satisfying inequalities (14), these inequal- 
ities will still be satisfied when ¥,,_, is increased by one, unless either 
Yon —1 = Can OF Yan—1 = 9% Yon = 4an41- The latter case is not possible 
when }' isa root of (51). And hence L = 4, _; or 72, according as 0, 1 
are possible values of ,,,, or not, when the other coefficients remain un- 
changed. 


When Yon-1=9, — O,_1 > 9. 
If, by making o,, _,; smaller, we can make it possible that y.,,_, = 9, 1, 
byn —1 an —1 — P2n—1 > Man —1 — Fan 1 

That is, oe ~1 > or b3,-1=1, — pa—1> 9. 

Both conditions are included if we write 

8" > Win — 1: 
Hence the theorem that, assuming inequalities (55) satisfied, 
L= Gn) OF Fan 


according as 8" > or =3,_,. In the example already considered 





we 1 — I", > Sr 
07 1? -_— 1 
2 


and therefore Z = q, = 1. 
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THE THEORY OF SHADOW RAILS 
By W. H. Jackson 


1. Introduction. Ir is a common experience to view two sets of 
railings superposed: when this occurs there are generally to be observed 
darker vertical bands forming shadow rails on a larger scale. The theory of 
the formation of these bands is the subject of the present paper. 

Perhaps, however, the chief interest of the investigation lies in the fact 
that the discussion enables us to form a very simple model of the phenomena 
of group velocity, observed whenever one train of waves is superposed upon 
another train of different wave length travelling with a different velocity. The 
characteristic equation, (20), is obtained in Section 6. 

The theory will be simplified by supposing that the rails have no appre- 
ciable thickness, only length and breadth, and that they are uniformly spaced, 
all the rails of one set being in the same plane. 

There are no figures illustrating the present paper because it is so easy 
actually to produce the phenomena described and to do this is so much more 
useful than to rely upon drawings. Cut out alternate rows of squares from 
two superposed sheets of squared paper, cutting out less rather than more. If 
the sheets be separated and held some little distance apart and a dark ground 
be viewed through the slits made as described, all the phenomena to be dis- 
cussed can readily be observed. 

Let us suppose that the two sets of uniform rails are in parallel planes. 
Those in the farther plane may be replaced, so far as this phenomenon is con- 
cerned, by uniformly spaced rails in the nearer plane. In a given space L 
let there be n rails of the first set, n’ rails of the second set and .V shadow 
rails. By analogy with the theory of beats in sound, we see at once that 


N=n'—n. (1) 


For suppose that n’>n, so that the distance between the centres of two 
consecutive rails of the first set is greater than that between two consecutive 
rails of the second set. The shadow spaces correspond to places where the two 
sets of rails have their centers nearly coincident and the shadow rails cor- 
respond to places where the rails of one set block the spaces of the other set. 
(141) 
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Thus in the distance between the centres of two consecutive shadow spaces, 
there will be just one more of the second set of rails than of the first set. If in 
any distance large compared with the distance between consecutive shadow 
spaces there are .V shadow rails, this must be the excess of rails of the second 
set over rails of the first set. But this is equation (1) put into words. 

This intuitive result leads us to expect the average spacing of the shadow 
rails to be entirely independent of the breadths of the two sets of rails: a 
result which a more detailed examination confirms. 

The following phenomena may easily be observed. As the observer walks 
past two parallel sets of rails of the same size the shadows travel along with 
him. If the two sets are not both vertical the slope of the more distant set 
relative to the nearer set will be exaggerated. But if the nearer set is much 
more closely spaced than the other both these results are reversed. 

If two sets of rails meet at a corner, the shadow rails appear to con- 
verge towards or diverge from one special spot according to the direction of 
motion of the observer. 

Finally, if the shadows of a set of rails cast on level ground by the sun 
be viewed through the rails the shadow bands are found to be curved instead 
of straight. 

The only reference to the subject which the writer has seen is an example 
given in Chrystal’s Algebra,* where the term ghosts is applied to places at 
which the rails appear crowded together. But in that case the rails do not 
overlap and the shadow rails here considered would not be visible. 

Although the theory of the present paper is limited to that case in which 
uniformly spaced rails produce uniformly spaced shadow rails it is not difficult 
to trace roughly what would be the changes introduced if the cross-section 
of the rails instead of being a mathematical line were a rectangle or acircle. In 
these cases as the eye travels outwards towards the more distant portions of 
the railing, a point will soon be reached at which it becomes totally opaque. 
If the rails be replaced by equivalent flat rails, the breadth of these equivalent 
rails will increase as the eye travels outwards, until the spaces entirely 
disappear. 

It was the study of the phenomena here discussed which led to the theory 
of integral multiples whose residues, mod 1, lie within given limits, which 
forms the subject of the preceding paper. 


ee 





*Part If, Chapter XXXII, Exercises XXX, no. 7. 
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2. Notation. Let 2a be the distance between the centers of consecu- 
tive rails of the first set and let 2b be the breadth of each rail. Let 2a’, 2b' 
denote corresponding magnitudes for the second set, when viewed in the 
plane of the first, and suppose that a is greater than a’. 

The condition that any space of the first set is entirely closed by a rail of 
the second set is that c, the distance between their centers, must be less than 
b' — (a —b). Two cases therefore arise according as J’ is greater or less than 
a—b. Only in the former case is it possible for shadow rails to be observed. 
In the second case, nothing but ghosts, places which are darker because the 
spaces between consecutive rails are narrowed but not obscured, will be 
visible. 

Let c, denote the distance of the rth rail-center of the second set from 
the nearest space-center of the first set and let the direction in which the 
counting proceeds be the positive direction. Then 


Croi=¢, —2(a—a’), provided that [p41] < (2) 


The co-existence of two consecutive values of c, each numerically less than a’, 
implies that 
a—a<a' and therefore a’ > 4a.* (3) 


More generally, the problem to be solved is to find for what values of x, 
n' the following inequalities are satisfied. 


b+b-—a2zc + 2na' — 2na2 — (b'+b—-a), (4) 


where a’ >c>—a@,a>ba>a>y. 

The values of n satisfying (4) determine the numbers of the spaces of 
the first set which are completely blocked by rails of the second set. 

If we write now 


2a'B’=c—(U'+b—-a), 2a’B=c4+ (U'+b-—a),d=aja, (5) 
inequalities (4) may be written 
n’ot+B 2&2 nd 2 w+ FP, (6) 


n, n' being integers, and the problem is therefore reduced to that discussed in 
the preceding paper. 








*If $a < a! < 4a, we should write c, .; =c¢, — 2(a — 2a’). 
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But in that paper a detailed investigation was made whereas now it is 
only the simpler average phenomena which come under discussion. 

The general condition that shadow rails should exist can readily be 
written down as a consequence of the result proved at the end of the preced- 
ing paper (p. 140). In the notation there used we must find the condition 
that L=1. A sufficient condition is that 


},' oe Te a ad 


B— B =— >“: (7) 


a 


But this is not necessary if 7, =, = 1. In this case the required necessary 


and sutticient condition is that 


> 
- 


bh+b-ar>a'y. (8) 


3. The breadth of the shadow rails. The boundaries of a shadow 
rail are determined by rails of the second set which we shall distinguish by 
the numbers 0 and xn, and which satisfy the following inequalities. 


g>b'+b—-azZaq>cy-++>¢,_,;2— (6 +b-a) >«¢,. (9) 


TueoreM I. The boundaries of the shadow rails are formed by rails 
of the more closely spaced set. 

It follows from (9) that ¢, is positive, ¢, negative. But co, ¢, refers to 
rails of the second set which just fail to cover the nearest space of the 
first set and hence the open spaces occur on the negative and_ positive 
sides in the two cases respectively. It was previously postulated that the 
direction of counting should be the positive direction and therefore the 
open spaces which adjoin the rails denoted by the sutlixes 0, n lie on the 
side away from the shadow rail. The boundaries of the shadow rail are 
therefore the boundaries of these two rails which belong to the second set. 

Tueorem IT. The breadth of any shadow rail differs from 


) j, a +4 ie eed uane “uf 
bia’ = i/a 


hy less than 2u', 
It follows from inequalities (%) and equations (2) that 
o>h+b-aze,—2(a—-a’'), 


( — 2(n—1)(a—a’)2 — (6 4+ b— 4) > & — 2n(a — a’). 
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From this it follows that 

2(a-— a’) Z2q—(b'+b-a) >0, (10) 
2(a — a’) 2 2n(a — a’) —G — (' + b— a) > 0. (11) 


Therefore x — 1 is the greatest integer contained in 


o+b'+b-a 
2(a—a’) 





and, by addition of the two sets of inequalities (10) and (11), x never 
differs from 

b'+b-—a 

a—a 


Pe ti 


eng ° 
by more than unity. 
But the breadth of the shadow rail is 2na’ + 2b’, which therefore 
differs from 
a'b + ab! —a” 


a—a' 





2 


by less than 2a’, and this is equivalent to the statement made above. 


Corollary. It can be shown by the method of the preceding paper 
that the average breadth of a large number of consecutive shadow rails ap- 
proaches 22 as a limit, where 


bla + B'/a' — a'/a 
= — i —+—, 12 
B l/a’ —1/a (=) 


4. The spacing of the shadow rails. 
Tueorem III. The average space between the corresponding boundaries 
of a large number of consecutive shadow rails approaches 2A as a limit, 


where 
1 


A 


|= 


_t 
ait is 


With reference to the shadow rail next to the one already considered 
we may write, corresponding to inequalities (10), 


2(a —a’') Zu — 2r(a—a’) + 2a — (6F' + 56-4) > 9. (13) 
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From (13) it follows that ris the greatest integer less than 


Cy + 2a —(b' + 6 — a) 
2(a—a') 





and from (10) and (13) together it follows that 
2(a—a') > 2a — 2r(a — a’) > — 2(a— a’). (14) 


Similarly, if the first rail in the Vth shadow rail after the one first con- 
sidered is denoted by the suffix ry, we have corresponding to inequalities (14) 





from which it follows that 
lim (¥)= a 
N=« N a a’ 


;— lim sd aa' 
° Ves a—a' 


Therefore 





which is equivalent to the result stated above. 
Corollary. If n, n', N have the meanings wood in equation (1), 
Theorem III may be stated in the form 


lim (“4-*)=1. (15) 


N==x AN 


Similarly the corollary to Theorem II may be stated in the form 





(16) 


N=» L ~ Now 


lim (226 + 2n'h' — ==) _ lim (2 "). 


That is, in any given distance the total space covered by the rails of the 
two sets taken separately exceeds the space covered by the shadow rails 
by an amount which depends only on n, n' and is independent of the breadths 
of the two sets of rails. 





5. Ghosts. If we seek to extend the results of the two last sections 
to ghosts, we must no longer compare the beginnings of two consecutive 
bands because in this case the shadow has no definite limits. But we can 
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pick out in each ghost one rail of the second set for which 


$(a—a’') 2c>—3(a—-a’) (17) 
and call this the center rail. 


Tueorem IV. The average space between center rails of a large number 
of consecutive ghosts approaches 2A as a limit, where 


With reference to the Nth ghost beyond the one already considered 
$(a —a') 2c — 2ry(a—a') + 2Na> —$(a—c’). (18) 
From inequalities (17) and (18) 
(a — a’) > 2Na — 2ry(a —a’') >— (a—@), 


whence it follows that 


1 Na 
2° a—a’ 





—lry>—-- 
. 2 


From this point the proof proceeds exactly as in Theorem III. 


6. The effect of motion. The edge of a shadow rail always coin- 
cides with that of a rail of the second set. Hence if the second set moves 
with velocity v relative to the first set, the relative velocity of the edge of 
the shadow rail is in general equal to v but an instantaneous jump occurs 
whenever this shadow edge changes from one rail to the next resulting 
in a displacement 2a’. The space-time graph for the shadow edge is 
therefore made up of a series of steps. First a distance 2(a— a’) at 
uniform velocity v, next an instantaneous jump of 2a’, giving an average 
velocity V relative to the first set where 

av 


V= 


~ a—a' 


(19) 





In the application to group velocity suppose two sets of waves super- 
posed of wave lengths X, > + 5d and travelling with velocities v, v + dv re- 
spectively. It follows from (19) that the group velocity is 

idv 
T=yv—-A—- 20 
V=v—-2r on (20) 
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Suppose an observer to walk with velocity 7) parallel to two sets of rails 
and at a distance from them of d and d’ respectively. Let 2a, 2a’ be the 
distances between the centers of consecutive rails in the two sets respectively. 
Viewed in the plane of the nearer set, the second set are spaced at distances 
2a'd/d' and move forward with velocity 


Caf 
t= mau a) (21 ) 
If . 
ad «ad 
the shadow rails move forward with velocity 
"= a(d'—d ) % = F + (¢ ae ad "o° (22) 
al.~d@dd ~ 7" ad —~ad 


They always move in the same direction as the observer, but overtake him or 
fall behind according as the more distant set is more widely spaced than the 
nearer set or not. 

If 


ads ad, 


the shadow rails are bounded by rails of the nearer set and move backwards | 
relatively to the further set with velocity 


(d'—dyja'd 
— ed . 
i (a'd _, ad’ yl! 0 


The velocity relative to the rails of the nevrer set is given, as in the first 
case, by equations (22). 

Now let the observer approach from a great distance so that the ratio 
d/d' decreases from unity to zero. Two cases arise when 


b'+b>a, according as ow, (23) 


< 


In the first case it follows, by replacing a’, 4’ in Theorem II by a'd/d’, 
b'd/d' respectively, that the size of the shadow rails, viewed in the plane of 
the nearer set, continuously decreases as the observer approaches. Ghosts, as 
defined in section 2, will be observed when 


d a—h 
aso’ 


(24) 
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From Theorems III and IV it may be seen that the spacing of the shadow 
rails or ghosts, as the case may be, continually decreases whilst the ratio B/A 
increases towards the limit (4/a + b'/a’). 

In the second case defined by (23) the shadow rails become infinite when 
a'd =ad'. From this point on, the effect of approaching the rails is much 
as in the first case. 


7. The effect of angular inclination. Let the slope, the tangent 
of the angle of inclination, of the second set of rails relative to the first 
set be s and let S denote the slope of the shadow rails relative to the 
first set. The open spaces common to both sets are parallelograms arranged 
in rows. When s is small the parallelograms are long. 

The results to be obtained in this section follow easily from those at 
the beginning of the previous section. The figure to be considered 
may be regarded as the space-time graph of the motion of the second set 
of rails relative to the first with uniform velocity s if the edge of a rail 
of the first set is taken as the time axis. Applying equation (19), the 
average slope of the shadow rails relative to the first set is given by 


, (25) 


a—a' 





8. The effect of perspective. When the planes of the two sets 
of rails are not parallel, the projections of the second set on the plane of 
the first are concurrent instead of parallel. As in the case just considered, 
the boundaries of the shadow bands may be smoothed out by a line joining 
the common points of a rail 1 of the first set and rail 1 of the second 
set, rail 2 of the first set and rail 2 of the second set, and so on. But in 
this case the line is not straight, but curved. 

Take as axis of x the vanishing line of the plane of the second set when 
the plane of the first set is the picture plane. Take as axis of y the straight 
line through the vanishing point of the second set of rails, parallel to the 
first set. The equations of the edges of the nth rail of the first set and the 
n'th rail of the second set may be written respectively 


x= 2na+c+h, (26) 
a= y(2n'a' +c +H’). (27) 
The shadow bands will be more clearly defined in those parts of the plane in 
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which the angle between the two sets of rails is small. Such a region is 
that included between 
ro=+tay, (28) 


where a has some value such as 3 or }. 
The boundaries of the shadow bands may now be defined by writing 


ni—-n=N (29) 


and eliminating 7, n' from equations (26), (27) and (29). The equation thus 
obtained is 


2 


— _- - = 9N + C, (30) 
ay a 
where 
Pate ute. (31) 
a a 


Equation (30) represents a hyperbola with asymptotes 


a'y —a,r+(2N 4 C) a=. (32) 


The shadow bands are therefore bounded by hyperbolas with asymptotes 
parallel to the first set of rails and the vanishing line of the plane of the second 
set of rails respectively. The latter asymptote is fixed and therefore common 
to all the bands. It is that line for which the distance between intersections 
with the center lines of consecutive rails is the same for both sets. 

An important exception occurs when both the two sets of rails are paral- 
lel to the vanishing line. In this case the shadow bands must reduce to 
shadow rails parallel to the given sets but they will no longer be uniformly 
spaced. For our present purpose it is sufficient to consider the case in which 
the observer is at a distance large compared with the shadow rails. In this 
case the spacing of the shadow rails in the neighborhood of any point may be 
calculated as if the second set appeared as uniform rails when viewed in the 
plane of the first set. Let the planes of the two sets of rails make angles 0, 6’ 
with the plane passing through their join and the observer's eye. Let a plane 


through a rail to be considered and the observer's eye make an angle ¢ with 
this plane. 
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The distance apart of rails in the second set being 2a’ and their apparent 
distance, viewed in the plane of the first set, at this point being 2a”, 


ae 
dies qn 8 sin?(d + 6’) 


~ " sin 6’ sin?( + 0) - (33) 


If 0 > 6, as > increases from 0 to 7 — 6’, a" decreases from a’ sin 6'/sin @ to 
0. Two cases therefore arise according as 


w sin 8 > a sin 8. (34) 
In the first case A increases with ¢ and becomes infinite when 
a sin 0 sin? (f + 0) =a’ sin @ sin? (¢ + @’). (35) 


For greater values of ¢, A continually decreases, as also occurs in the second 
of the two cases indicated by (34). 

Since, by Theorem I, the direction of motion of the shadow rails relative 
to the larger set is the same as that of the more closely spaced set, and since 
in the neighborhood of the value of ¢ determined by equation (35) A is 
large, it follows that the effect of motion on the part of the observer in any 
direction but that of ¢ will be to cause the shadow rails on opposite sides of 
this critical position to move in opposite directions. 

Further, the rails appear to converge towards or diverge from this spot 
according as the observer's path makes an angle greater or less than ¢ with 
the plane through his eye and the join of the planes of the two sets of rails. 

If the direction of motion is towards the rails, the shadows will converge 
towards or diverge from the point approached because the relative motion of 
the two sets of rails changes sign at this point. But this motion is slow, be- 
cause of the small relative velocity at this point, while that just considered is 
fast, because of the large magnification. 

Finally, equation (35) may be put into the more convenient form 





cotd + cotd = /a'sin@y} sae 
; -(— . (36) 
cotd + coté asin@ 
If we put 
a=a', 6’ = 04 4, x = cot ¢, = cot 8, 
we obtain 
_ e+ 1 
~ @—e 
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The value of x is positive only when c > 1, that is when @< 45°. A 
short calculation shows that the minimum value of z, and therefore the 
maximum value of ¢, occurs when ¢ lies near 2-2, making @ and ¢ each about 
12°. 


The numerical values have been chosen to represent the case of two 
uniform sets of rails meeting at right angles. Observation confirms these 
results, though this is a case in which the substitution of round or square rails 
for flat ones makes a considerable difference. Owing to the large magnifica- 
tion at the critical angle, any slight deviation of the plane of either set of 
rails from the vertical causes an appreciable curvature in the shadow rails. 


HAVERFORD COLLEGE, 
HavVeERFORD, Pa. 








ON A NEW METHOD OF COMPUTING THE ROOTS OF 
BESSEL’S FUNCTIONS 


By WILLIAM MARSHALL 


THE object of this paper is to show the application of a certain method 
to the computation of the roots of Bessel’s functions. This method which 
was employed by me in my Doctor’s Thesis* in the computation of the roots 
of the functions of the elliptic cylinder, and which is generally applicable in 
similar problems is essentially this: The coefficients of certain asymptotic ex- 
pansions which are necessary in the computation, are not found by arithmetic 
processes, but are determined from recurrence formulas which arise when 
certain differential equations are formally satisfied. The results are of course 
not new. The roots of the Bessel’s functions of order zero as determined 
from the semiconvergent expansion were first given by Stokes.t The roots of 
the Bessel’s functions of order x are given by McMahantf and are found in 
Gray and Mathews. § 

The ordinary Bessel’s equation, namely 


CdI,(x) 1d, (« 


1 (2) (1, _™) r(x) =0 
“Ay “a +s #4 — x) Mal) = 9, 


can by means of the substitution U = X4J,(x) be reduced to the form 


(2) oT + (1 - “=4) U=0. 


da? x? 
A solution of this in the neighborhood of x = « is 


(3) U= C}Pcos (a—x) + Qsin (a—2){, 








* Diss. Ziirich, 1909, American Journal of Mathematics, vol. 31, no. 4, Oct., 1909. 
+G. G Stokes, Trans. Cambridge Phil. Soc., vol. 9, part I, or Math. and Phys. Papers, 
vol. 2, p. 329. 
t ANNALS OF MaTHEMATICS vol. 9, Jan., 1895. 
§ Treatise on Bessel's Functions, p. 241. 
(153) 
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where C and u are integration constants* and where P and Q represent the 
following asymptotic series : 








4 (4n? — 1) (4n? — 9) 
ae —- —_— - en 
mee 1.2( 82x)? 
(4? — 1) (4n? — 9) (4n? — 25) (4n? — 49) 
dle +7284 (Bey SSSS—SSS 
— 4n?— 1 (4n? — 1) (40? — 9) (40? — 25) 
@ — ge 1.2.3 (84)8 _— 
3 2n +1 - , 
If C = \ “anda = oa and if © and yw are determined so that 
7 
(4') M cos y = Pand M sin y = Q, 
then from (3) 
(5) U= CM cos (a-—x-y), 


andas U=2+J,(r), 
2 2n+1 
e J = <i = J ————ee | SD —_ 
J,( 2) ‘i / cos ( 4 x ¥)> 
and the roots of J,(«) = 0 can be calculated from the relation 


) o]. _ 
(6) BE gang ES ew hh ~+ 2%. 








M and y have been calculated approximately and with great labor from 
the relations WM = VP? + Q?, y = tan—1(Q/P) respectively. They may be 
obtained much more simply by the aid of equation (2) as follows. 
U = CM cos (a — x — py) will satisfy (2) whatever values may be given to C 
anda. Let C=1,anda=0. Then a solution of (2) is 






(7) U= Mcos (+ <), 





and .M and ¥ are to be determined so that (2) is satisfied. From (7) we obtain 






(8) U' =cos (¥ + 2) M' — M(y' +1) sin (¥ + 2), 












* Gray and Mathews, l, c., p. 37. 
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(9) U" = cos (f¥ + x) M” — 2M'sin (pf + x)(' + 1) 
— M cos (¥ + ~)(p' + 1)? — Main (¥ + x) yp". 
Substituting the values of U" and U in (2) we obtain 
(10) M” cos (y + 2) — 2M" sin (Y+2)(y' + 1) — M cos (y+ 2)(y' +1)? 
— Msin (¥ + 2)" + M cos (¥ + 2) (1 2. *) = 0. 


x 





Since the coefficients of sin (y + x) and cos (y + x) must separately vanish, 
we obtain the two following differential equations for M and y, namely, 





(11) 2M'(y' +1) +My" =0, 
. ' 2 _ n® ain t —_ 
(12) M" — M(y' +1)? + u(1 - ) =0. 
Equation (11) integrates readily into 
ks 
(13) v'+1= yy 


where i: is the constant of integration, which may be determined from the fact 


PY - PQ 

sO -1 4 ' — bd = y 

that y = tan P’ whence y’ = PTE: Therefore k = 1 and we have 
1 

(14) vi +1=57- 


Substituting this value of y’ in (12) we havea differential equation for M, 
namely 





2 
(15) M"— - +u(i- 73 *) = 0. 


Now from (4') we see that the first term of .V must be 1 ; we therefore assume 
as a solution of (15) 


A, A, A, 
(16) Het+s3+3+ a+ >** 
where the A’s are undetermined constants. From (16) we obtain 


3.2.A, 5.4 A, 7.646 
go +e toe tc 





(17) M" = 
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Also, by the Binomial Theorem, 











1 My a As 
(18) WE = 1 x2 x4 + xe + ° ’ 
where 
ay = <a 3.Ag, 
—— 4A, ay 
a= —— on 3A, 
(19) Ag - —_ = Ba 7 Aya, = 3.Ag, 
t= TP Aite = BAu — Ag, 5 4, 
4 
or in terms of the A’s alone 
ay —_-—_— 3.A,, 
MW => 6A} — 3A,, 
(20) a, = — 10434 12.4,A, — 3.A,, 


a;= 15 A$ — 30A3A, + 12A,A, + 6.43 - 3A,, 


[July 


Substituting now in (15) the value of WW from (16), .W” from (17), and 


1/.M? from (18), we have 


(21) 





8A, PDA (nt 8) 
a® Be 

as 

x? 


—_A, — “7 
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Equating to zero the coefficients of like powers of « and making use of the 
relations (19) we have 


4A, = n? — ‘. 
4A,a, 


» ’ 


4A, = (n? — } —3.2) A, — 


5A, V2 » 

(22) 1A, = (Wf —3 -5.4)4, — — ee, 

6 Asa, + 8 Aya, + 10 Aga, 
4 ’ 








4A, = (0? — $ — 7.6) A, — 


Formulas (22) then enable us to compute the coefficients in the expan- 


sion of M= VP? + ( without serious labor. These formulas are, in terms 
of the A’s, 


l 
Os eo 
4 Ay -_ nm 4’ 
4A 4 (»* =< =) Ay oo 6A, 


, 8i 
(23) 4A, = ( -| A ~ 10A3 + 12.4.4, 


6% - 
4A, = ( _ , -) Ag + 15.A} _ 30A5A, oa 122 2Ag aa 6 Aj, 


or in terms of n alone, 


l ° 
A, = yA (4n° = 1), 


A, = A (4n? — 1)(20n? — 53), 


(24) Ace hs (4n2 — 1) (240n4 — 2488n2 + 4477), 


A, = 4 (4n? — 1) (1248020° — 322192n' + 2023460n? — 3066403), 


oat 


oo gF mts Res 


aa 


oe ae 2 ee ee 


—— 
pin « = eae 


a 


Pe Pao 


se 


ey 
= ~—< BP oan OE CN 


Sd 
ae ee eee 
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or, if we set for shortness 4° = m, 


II 


1 
(m— 1), 


A, = RA (m —1)(5m — 53), 


(25) Ag = ae (am — 1)(ldm? — 622m 4+ 4447), 
A,= amy (mm —1)(195 nw — 2013TnF + 5VORGHHm — 3066403), 


From these coefficients in the expansion of .W, we may readily compute 
those in the development of y = tan—'Q//”. We have from (14) 


- a 
(26) v — “We - . 
Then y’ is of the form 

97 ,_ ©2 4 “4 Ce 
(20) Vv ~ 7 a 7h dal 


Integrating, and setting the constant of integration equal to zero, since 
tan y = Y/ TP, we have 


i €%, C. Ce C' 

© 2 ‘4 ~ 6 s 
(28) = ee” ae ae Oe 

L On Oo” (wt 


where the C’s are simply the coefficients in the expansion of 1/7? by the 
Binomial theorem, that is, 


C, 


2A,, 


20, — 3A,C, —_ 4 Ay, 
(29) aC, =—__ 4A,C, — 5A,C, =e 6A,, 


40 => 5ALC, _ 5A,C, —_ 1A,C, _— 8 Ag, 





© ablihandnaes m= 
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or, in terms of the A’s, 
C, = — 2Az, 
C,= 343-24, 
(30) C, = — 4A} + 6A,A, — 2Ay, 
C,= 5A$— 12424, + 64,4, + 3.43 — 2A, 


These coefficients in the expansion of y are used in the computation of 
the roots of J,(x) in the following manner: an asymptotic value of J,,(x) is * 


» 2 ? 
(31) JI,(x2) = = [ 2 cos ( a 71) + @ sin (“fe -2)]. 


This may be written 


12 2n + 1 
32 Ji(«)= roast —....97 «5 = 
(32) n(«) V-; Ieos( ” Salil ¥). 
which vanishes when 
as 2n +1 2k —1 
(33) 4 Cate Pia yy 
that is, when 
(34) x= "(20-1 + 4hy — yp, 


where *& is any integer. 


T 
( 


If we put for shortness 2n — 1 + 4h) = B, 


then the values of x for which J,() vanishes are found by solving the 


equation 
(3) ar — B —— yy, 
or 
e. C (', 
(36) zr=B+—+ 55+ 335+ °°°° 


x oad ow 


Equation (36) is best solved by the method of successive approximations. 


The successive approximations are 


*Gray and Mathews, Treatise on Bessel’s Functions, p. 40. 
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C. 
ee re 
8B 
( 
C' 3 C3 
2 4 
t3= P+ + —..____-» 
,= B F a 
Cl; 3 C, 
—-_ Ce ge~—- CL ' 
(37)¢ C, 3 ee eke 
% =B+ + ————- + > 
B' B° 
(' (', 4 ’ y 
C 3 ~& 5 — 3 OC, + 2C; 
cr, = B |. - + 3 + 35 weaciieia 
. 6 — be 
a SOR an = CF 4 5C3C, ~ = 
‘ - ? * : 3 
Eee neree ae = ane 
\ : Fi 


Expressing these coetticients of B~', 8~* +--+ in terms of m by means 
of the relations (25) and (30) we have for the Ath root of J,(x), 


(38) t= B- 3a — 3.93 3 


a 


(m—1) (83m? — 982m 4+ 3779) 
15.20 p 


(m—1) (6949m3 — 153855m? + 1585743m — 6277237) 














105.2 * B 
7 
where B= qin + 44k —1), 
and m = 4n?. 


This result agrees with that given by McMahan ;* there is however a 
slight error in the formula as given by Gray and Mathews,t due to the drop- 
ping of a figure in the coefficient of B—‘. 


Purpvuk UNIVERSITY. 
OCTOBER, 1909. 


* ANNALS OF MATHEMATICS, ser. 2, vol. 9, p. 25. 
¢t Loc. cit., p. 241. 
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A FUNCTIONAL EQUATION FOR THE SINE 
By Epwarp B. Van VLEckK* 


In 1821 Cauchy ft proved that the only real continuous solutions of the 
equation 


g(r +y) + $(%— y) =2 $(2) gy), 


other than the trivial solutions ¢(~) = 0 or 1, are the functions ¢(x) = cos az 
and ¢(c) =coshax. As analytic functions these two solutions are one and 
the same, but considered as real functions of a real variable they are distinct. 
The object of this note is to give a functional equation satisfied uniquely by 
the cosine, or, what amounts to the same thing, one satisfied uniquely by the 
sine. It appears to me much the simplest functional definition yet given,} and 
the fundamental properties of the solution follow from the equation with very 
great rapidity. The only assumption concerning its character is that it is real 
and continuous. 
To define the sine I use the equation 


(1) Sie -—yt A) —-S(et+yt+ A) =2f (4) Sly), 
in which A is a real constant. The following properties immediately result. 
1) Putte =y=0. Then f(0) = 0. 


2) Replace y by — y. The left hand member of (/) changes sign, and 
therefore f(y) =f(— y). In other words, f(.) is an odd function. 


3) Exchange x and y. It follows that 
S(x—y+A)=f(y—x+A)=-f(e-y-A). 


Hence the addition of 2.A to the argument changes the sign of the function, 
and therefore 4A is a period of f(x). Without loss of generality we may 
henceforth suppose A to be positive. 





* Presented to the American Mathematical Society (Chicago). 

t Analyse Algebrique, p. 114; Oeuvres ser. 2, vol. 3, p. 106. 

t For other functional definitions see Moore, ANNALS OF MATHEMATICS, (1), vol. 9 (1895), 
p. 43; Lunn, Ibid (2), vol. 10 (1908), p. 37; and Osgood, Lehrbuch der Funktionentheorie, vol. 


1, p. 510. (161) 
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4) Replace x by x + Aand y by y + A. Equation (7) then gives with 
the aid of 3), 


(1) Se — 7+ A) + f(x +y+ A) = 27 (0 4+ A) f(y + A). 
Put now ¢(u) = f(u+ A). Then 


piv —y¥) + O(“ + ¥) = 26(*%) $y). 


Thus f (2 + A) satisfies Cauchy's functional equation, and by 3) it must be 
the periodic solution of that equation. Selecting this solution, we have from 
Cauchy's work 


° T TT -. 
J (#) = cos (x —.1) = sin 


24 2A 


The discussion can, however, be carried forward without having recourse 
to Cauchy’s equation. Thus 


5) If we put « = y = A in (7), we have 
JS (A) + f(A) = 2f7(A), 


whence f(A) =Oorl. But if f(A) =9, it follows from (7) by putting 
y = A that f(r) identically vanishes. Putting aside this trivial solution, 
we must take f(A) = 1. 


6) Puty=«+ A. Then from (J), 
Sf (22) = 2f (2) f(«@ + A). 


This equation was used by Moore in his determination of the sine, but 
supplementary conditions of equal importance and restrictive scope were neces- 
sarily added to obtain a definite function. 


7) By placing « = y in both (/) and (1) and adding we obtain 


(2) l= f*(x4) + f(a + A). 


8) It may be shown next that f(.) is positive and steadily increases 
when « increases from 0 to A. 





ou 
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For if possible, let us suppose that x vanishes for some value B between hts! 
these limits. If then we set y = B in (7), we obtain 3 


a ae 


S(w—-B+A)=f(4 + B+ A). ib 


Consequently 2 must bea period of f(7). There must be a smallest B, 

since otherwise the function would have a period as small as we please and, 

being continuous, would therefore be constant. I shall use this smallest B. 
For « = y, equation (J) becomes 


L—f(2r + A) = 3f%(2). : 


Hence | f(2” + A)|< 1 for values of + between 0 and B. It follows then ‘ae 
by replacing x by 2x in (2) that | f?(2.°)|> 0 for the same range of values of 
v. But this gives a contradiction, inasmuch as f(2.°) by our hypothesis must 
vanish for «= 8/2. Consequently f(.) can not vanish for 0 <2 = A, 
Since also f(.4) = 1, it must be positive. 
Furthermore, if we put « = 0 in (7) and then replace y by x, we have 


q f(Atar)=f(A—2). 
This shows that f(.°) is also positive for A < x < 24. 
To see finally that f(.r) steadily increases with x in the interval (0, A), 
replace « by « +h + Aand y by Ain (7). The equation becomes 
(3) S(e + 2h) —f(e) =2f (41+ ht A) fh). 


For positive 4 <A and for 0 < « + 4 < A the right hand member is positive, nM 

and therefore any small positive increment 2/ in the argument results in an 

increase of f(.°) as long as + lies in the interval (0, A). i 
9) From (3) we get the difference quotient 


i ‘(¢ 4+ 2h) —f (er 
| (4) Q(r + 2h, ry= TS, LO) fn thts 





This shows that if f(h)/h has alimitec for h = 0, f(x) will have a derivative, 

( of which the value is cf (x + A). 

| 10) A proof of the existence of a limit for f(4)/h when h approaches 0 
has been given by Osgood,* and his proof can be based upon the equations 





- * Loc. cit., pp. 512-513. 
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already here obtained. Another simple proof, based directly upon a consid- 
eration of the difference quotient, is as follows. 
Putting « = 0 in (4) we see that 


(2h) | fh) 
“= * f* 
If then x approaches 0 over any set of positive values 2h, h, h/2, h/4, - 
the ratio f()/x will steadily increase. 
We shall next prove that it can not increase beyond all limit. Divide 
the interval (0, 24) into 2” equal parts of length 4/2"-'. The difference 


quotient taken for any two consecutive points of division, p — h/2"—' and p, 
has by (4) the value 


e %, 





Q(p. p - = = i(p 3 +A) . ‘() 
ed 


Hence since f (x + A) decreases in the +-interval (0, 4) we have the 


inequality 
fh 
t(&) 


o (x) 
pave EP colin B.)<' 


pn 

Now if («, 4) is any interval of the «-axis and c is an internal point of divi- 
sion, by a very fundamental but simple theorem* regarding the difference 
quotient, (/(a, 4) is intermediate in value between Q(a, c) and Q(c, b). By 
obvious extension, if the interval is divided into any number of parts by the 
points cy = 4, Cy, Cg, ++ +5 Cy_4, C, = 5, the value of Q(a, 4) will lie between 
the greatest and least values of Q(c;, ¢;, 1). Consequently 


h 
4 Sf =) £G) 
(5) S(A + 2h) —— _ < Up, 9) < 


ba Hd 





* Cf. Baire, Annali di Matematica, (3) vol. 3 (1899), p. 103. 
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In this inequality let n increase indefinitely. If f(x)/x increases without 
limit when x traverses the values h/2, h/4, h/8, . . it will follow at 
once that Y(p, 0) is infinite. As this is impossible, we conclude that 
J(x)/x for this set of values increases to a finite limit c. 

Consider now the dense set, S, consisting of all points of division of the 
interval (0, 24) which are obtained by taking successively n = 1, 2, 3, -- -- 
Let p be any point of the set. By increasing n indefinitely in (5) we obtain 


(6) cf(2h + A) = Y(p, 9) = Ftp) < ¢. 


We can contract the interval 24 as much as we please by replacing h by h/2”. 
It follows then directly from (6) that f (2) /x has the limit ¢ when x approaches 
0 over the set S which is everywhere dense in the interval (0, 2h). 

Now if this is true for a confinuous f (.r), the conclusion can be extended 
immediately from the dense set S to the interval itself. For if x’ is any point 
of the interval not included in S, a point p of Scan be found so near to 2’ 
that 

(2) _ SCP) 


a p ( t€); 


where ¢€ is as small as we wish. Consequently f(2')/2’ has a common limit 
with f( p)/p. Since f(.°) is odd, the limit is the same for negative h. 

The essential properties of f(.°), including its differentiability, have 
been established, from which its identification with sinc readily follows. 
This can be done in various ways. Thus, for example, if the derivative 


If (x , Tp 


is used for this purpose, it follows immediately by integration that 
J (x) = siner. 


UNIVERSITY OF WISCONSIN, 
Mapison, WI1s. 


= = 


~—s—* > 
+ +2 = = 


= 
> 





* eB 
= 











——- - —— 
Sie tas ke 





Leak SOT LTS 


eS ee 


Mage ad ot 


Ta ee, 


ABM ae 








PERIODIC DECIMAL FRACTIONS 


By W. H. Jackson 


When at school the writer was shown that vulgar fractions with unit 
numerator and a denominator ending in 9 can be expressed as repeating deci- 
mals according to the simple rule illustrated in the following example. 

Suppose it is required to express 1/39 as a repeating decimal. The last 
figure is 1. To obtain the preceding figures 


1x 4 = 4, put down 4, 
4x 4 = 1h, put down 6, carry 1, 
6x 4+1= 25, put down 5, carry 2, 
5x 442 =22, put down 2, carry 2, 
2x4+4+2=10, put down 0. 


The result is given below. 


I — 
39 


O25 6 4 1 


It is at once clear that the process may be worked in the opposite direc- 
tion. 


1=1+0 x 4, 
1l0=2+4+2 x 4, 
22=>2+5-x 4, 
25=1+4+6 x 4, 
16 = 4x 4, 


Since that time the writer has found no reference to the rule or to the 
following theorem, from which the rule follows as a special case. 


THEOREM. If a be any number prime to 10, and 4, less than 10, be 
chosen so that 


ab = 10m — 1 = 9, mod 10, 


pO ENTRAR AEN AY: NAR NC ETERS A ATS LENT 
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= 
= 


= 
asd: 





the number which must be repeated to form the decimal equivalent of 1/amay ‘ 
be written 
b[1 + 10m +(10m)? +( 10m)? + - ~~ 4( 10m)*—"} — k108, i 
where s is the exponent to which 10 belongs, mod a, and & is a positive i 
integer. iq 
By way of proof it is only necessary to note the identity i 
~1+4+10° —1+4 10 m*—1 i 
—_|>— = = | 10 Om)? 4.. Om)*- +! — 108 upris 
ab Ts ie + 10m +(10m)? + +(10m) 10 _ 
and to multiply through by 4. When this is done the left-hand side is an 
integer and we can therefore write, as is otherwise evident, 
m* — 1 a 
——— =k, some positive integer. 
a ™ 
From this equation it follows that 
l _| l m m 4 te he 1 
a VE + joi t joe to a | ae} 
When, as in the example above, a ends in a nine, we may choose 
a+ 1 
6=1, m= ?o 


It is easily seen that this formula is equivalent to the ruleas stated. The 
arrival at the end of the process may be recognized by the figures beginning 
to repeat. Evidently when m is less than 10 this will occur after the appli- . 
cation of the rule gives 10 asa product. 
The range of numbers for which this method is of practical use is not 
large, as may be seen from the following table giving values of « correspond- 
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m a / om | 

| 1 3,9 | 20 

| ? 19 | 25 

3 249 30 

| 4 39,13 40 

5 49,7 50 

6 59 60 

7 69,23 70 

8 79 sO 

q sy 90) 

10 99,33,11 100 

11 109, 200 

12 119,17 , 500 





If m has the values 40 or 400 instead of 4, it is necessary to work with 
two or three figures at a time instead of with one. 


3999 





199 

249,83 

299 
399,133,57 
499 

ogg 
699,233 
799 

Rug 
999,333,111 
1999 


4999 








Thus we find: 


= .00, 25, 06, 26, 56, 64, 16, 04, 01 


= .000, 250, 062, 515, 628, 907, 226, . 


In this last case the process may be exhibited as below: 


1000 = 0 + 250 x 4 
250 = 2+ 062 x 4 


2062 
2515 


3628 


HAVERFORD COLLEGE, Pa. 


Marcu, 1910. 


=24515x%4 


—=3+4+628 x 4 
—~0 +4907 x 4 














CONCERNING THE INVARIANT POINTS OF COMMUTATIVE 
COLLINEATIONS. 


By Wivuram Bensamin Fire. 


1. In his Geometrie der Lage* Reye states that a space collineation 
with just four invariant points is commutative only with the x * collineations 
that leave these points invariant. 

The homogeneous linear substitution that represents such a collineation 
can have no two of its multipliers equal. Moreover if two collineations are 
commutative, the corresponding substitutions need not be commutative— 
one may transform the other into itself multiplied by a similarity substitution. 
If now in Reye’s theorem we understand by commutative collineations those 
whose corresponding substitutions are commutative, the theorem is a special 
case of a much more general theorem. Without this restriction the theorem 
is not true, as I shall show. 

If any substitution S transforms the substitution A into itself multiplied 
by a similarity substitution not identity, the sums of the multipliers of A and 
of S must be zero.f Reye’s theorem applies then if the sum of the multipli- 
ers of A is not zero. The exception appears only in the case of collineations 
with ‘‘eingeschriebene Tetraederlage ”{, since a necessary and sufficient con- 
dition for such collineations is that the sum of the multipliers be zero. § 

We suppose then that 4 has just four invariant points and that the sum 
of its multipliers is zero. It can be transformed to the normal form { 


o 0 0 0 
0 @», 0 0 
= : : ' = 0). 
A 0 0 a 0 (@, + @ + @; + w% ) 
0 0 0 a, 





* Second part, 3rd edition, pp. 90, 91. Cf. Schoenflies, Encyclopedie der Mathematischen 
Wissenschaften, Band III, Heft 3, p. 468. 

t Fite, Transactions of the American Mathematical Society, vol. 7 (1906), p. 66. 

t R. Sturm, Die Lehre von den geometrischen Vervandischaften, vol. IfI, p. 288. 

§ After having proved this for any number of variables I found that the sufficiency of 
the condition for n = 3 had been given by Professor Morley in his lectures at Johns Hopkins 
University in 1902-3. The necessity of the condition is obvious. 


{ Cf. Weber, Algebra, vol. 2 (2nd edition), p. 175. 
(169) 
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If S is a substitution such that S-!'AS = AT, where 


p 0 0 0 
0 0 0 
T= F . 
0 0 p O 
0 0 0 p 
p must be a fourth root of unity. 
We shall treat the cases p = — 1 and p = ¢ separately.* 
2. p=—1. We can assume that .1 is of the form 
1 O OO DO 
( o—-1 0 0 | 
“te © & @ (A # +1). 
0 0 QO —A 


—~1 0-0 0 
‘. Oo—~1 0 0 
T= 
0 O-—1 O 
6 0 O17, 
S must be of the form 
0 ap 0 0 


a, 0 0 vO 
0 O 0 ax, 
0 0 


ay, 0 

The only invariant points of S are (V/ayp, Van, 9, 0), (Vayz, won Vani, 0,0), 
(0, 0, Vays 4435)» and (9, 0, Vay si Va43,), provided that ayo Ao = Az, Ag. 
If this condition is not satistied, S has invariant points in addition to these. 
If we denote the points (1, 0,0, 0), (0, 1, 0,0), (0,0, 1,0), and (0, 0,0, 1), 
by «1, Ay, «dy, and A, respectively, it is clear that the first two of these inva- 
riant points of S lie on the line A, A, and are separated harmonically by 


«A; and A,; and that the last two lie on the line A, Ay and are separated 
harmonically by A, and Ay. 


* The case Pp = — i is not essentially different from the case Pp = i. 
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Conversely, any point (p,, p,, 0, 0), except A, and Ag, on A, A, and its 
harmonic conjugate (p,, — p;, 0,0) with respect to these two points, together 
with any point (0, 0, 0), a.) except A; and Ay, on A; A, and its harmonic 
conjugate with respect to these two points are invariant points of collineations 
that are commutative with A. Such collineations are of the form 


0 pp 0 O 
Se p» 9 O O 
00 0 a 
00 #0 


If the o’s are multiplied by a common factor y» different from unity, the 
given invariant points are not affected, but we get a different collineation for 
S. Hence there is a single infinity of collineations commutative with A that 
have the given points for invariant points. Moreover the invariant points of 
Al are not invariant under these collineations. 


It is clear that any point on A, A, or Ay A, is transformed by A into its 
harmonic conjugate with respect to A, and <A, or A; and A, respectively. 
Hence : — 


Tueorem. Let A be any three-dimensional collineation with just four 
invariant points such that the points on tivo opposite edges of its invariant 
tetraedron are transformed by it into their harmonic conjugates with respect to 
the invariant points lying on these edges. Then there is a single infinity of 
collineations that are commutative with A and that have for invariant points 
any two points except the vertices on these two opposite edges and the harmonic 
conjugates of these points with respect to the corresponding vertices. More- 
over these collineations do not leave invariant the invariant points of A.* 


3. p=. In this case SAS = AT, where 


7 0 0 0 

0: 0 0 

sine 00 7 0 
0 0 08 





* It is clear that the collineations A and S of this section can be so chosen that they will 
both put real points into real points and will both have real invariant tetraedra. 
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We can assume that 


1 0 0 O 
Az 0 2 O 0 

Oo 0-1 0 7 

0 0 O-2 


and then, as may easily be verified, 


0 0 0 ay, 


; ax; 0 OO O 
a = ss 7 

Q Azo 0) 0 

0 0 ay O 


The only invariant points of S are 





42414 A394 )Ay4 e i 2421444 Ag2G21A14 7 
a Sa = on re ’ 
- “@ oe” F = a> 
Qr1A1g = A 39a Ay 1444 A324, 414 . 
ay, — — > ———»—a ), and ( a, - —, — 3 » a), 
a a’ a a 


i saniniacnseires 
where a = Vay, 44; G3. yy 


The first of these points is transformed into the others by A and its powers. 
Moreover we can determine S uniquely in such a way that the first of these 
points is any point not lying in a face of the invariant tetraedron of A, and 


the others are the points into which this point is transformed by A and its 
powers.® 


This form of A is also a special case of the form considered in §2, and 
therefore there are collineations commutative with A with invariant points 
such as are described in that section. 


These results can be formulated in the 


THEOREM. 


If A is a collineation with ‘‘ eingeschriebene Tetraederlage,” 
of period four, and with just four invariant points, which are taken as the ver- 





* It is clear that A is of period 4. 
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tices of the tetraedron of reference, and if (p,, pry pss Ps) ts any point not in a 
face of the tetraedron of reference, then 


PPO 0 0 
S= Pi 
g PIP gy 9 
P2 
0 O Ps 0 


is commutative with A and has Jor its only invariant points the point 
(Pir Pas Ps Py) and the points into which this is transformed by A and its 
powers.* Moreover S is the only collineation that is commutative with A and 
that has these invariant points. The invariant points of A are not invariant 
under S. 


4, The general results of §§2 and 3 are applicable to collineations in n 
variables f(n = 2). Letd (1 <d Sn) beany divisor of » and consider any 
simplex{ with x vertices that is contained in a linear space of n — 1 dimen- 
sions. We can select /d linear bounding spaces of this simplex, each of 


d — 1 dimensions, in such a way that no two of them have a common point. 
un 


Then there are «4 collineations 1 of period d that leave invariant the ver- 
tices of this simplex and no other points and that, together with their powers, 
transform any point in any one of these bounding spaces but not in any bound- 
ing space of fewer dimensions into d distinct points. If we select any one 
of these collineations .1 and a corresponding set of d such points in each of 


n 
the n/d bounding spaces just referred to, there are x 4—' collineations S that 
leave these points invariant and that are commutative with A. Moreover 
none of these collineations leave the invariant points of A invariant. 
This result isa generalization of the theorem given by Stéphanos for§ n = 2. 





* These points are obviously not co-planar. 


¢ I am indebted to Professor Virgil Snyder for the suggestion to apply the general re- 
sults of §§2 and 3 to collineations in n variables. 

t Cf. Schoute, Mehrdimensionale Geometrie, vol. 1, p. 9. 

§ Mathematische Annalen, vol. 22 (1883), p. 313. 
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5. The collineations commutative with two given com- 
mutative collineations. For one of the given collineations we shall 
take a collineation lin x variables that is of period » and that has just x 
invariant points. Sucha collineation can be written in the form A: y=o'—'x, 
(i=1,2,---,m), where @ is a primitive wth root of unity. For the other 
given collineation we can take any collineation that is commutative with A. 
We shall consider tirst the collineation S: 7) = p' rj) (@= 1, 2,-+--,”), 
where the subscripts are to be taken modulo x. Now ancecessary and sufficient 
condition that a collineation be commutative with cf is that it be of the form 
ai =a,r,.; Hence 8 is commutative with 1. 

We consider now any collineation S,: ri, = O43, Where 0 = d < n, that 
is commutative with .l, and determine under what conditions it is also com- 
mutative with S. Evidently S,S is of the form 2} = o,p74;2%a4i-1, while 
SS, is of the form 2} = po;_\%a4;-1- Hence a necessary and sufficient 
condition that S and S, be commutative is that 


MPa _ FT Piri 


Pion PiFj —1 


for all values of / from 2 to ~ inclusive. For ¢ = 2, we have * 


9 


P2Pa+1_ 
F2Pa+e2 


c.= 


n 


Moreover 


Oy 'PsPy + PiPrys 
P: “Pa+sPaze* * * Pati 


CG; = 


If in this formula we put ¢=n and equate the resulting value of o,, with 
the one just found, we get just x distinct values for o,. But the value of 5 
determines uniquely the values of all the other o's. Hence there are exactly 
n collineations of the form S; that are commutative with S. But the n col- 
lineations AVS-“( 7 = 0, 1, ---, m — 1) are all of this form and are all com- 
mutative with S (since A and S are commutative). We conclude therefore 
that the only collineations that are commutative with both A and S 


are those contained in the abelian group of order n? generated by Aand 8. 


* For convenience we shall put p; and a; each equal to unity. This obviously puts no 
restrictions on the collineations S and S. 
1 
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If S is of the form 2; = px,,;, where d is relatively prime to x, the 
result is the same as in the case just discussed. But if d is not relatively 
prime to n the situation is more complicated. If ¢ is the greatest common 
divisor of n and d, and n = rc, then in order that a collineation §, of the 
form xj = 6; x, 4; be commutative with S it is necessary and sufficient that 


PiTat1 — Pid + jF i+ 1)d 45 
TiPet+i Fid + jPid e+ ij 





for all values of ¢ from 0 to r — 1 inclusive and all values of j from 1 to ¢ 
inclusive.f Putting 7 = 1, we get 


vn f 
Pe+iPa+1* * * Pitti * * Pirr—tyd4a 
Piteti’* * Pidteti’* * Pr—idtesi 


Oj + a. 
For j = 2 we get 


Pe +1P2°* * Pidt2° °° Pir—-wae 


C441= ; 
Pet 2° ° * Pidte4+2° ** Pirr—id+e42 


If e is not a multiple of c, these two values of o/ 4, when equated, give 
a relation connecting the coefficients of S, 

Therefore in this case S is, in general, not commutative with any col- 
lineation of the form S,. 

But if e is a multiple of c(e = sc), we have oj,, = pi-4,- This gives r 
values for o, 4, and for each of these values there is a single set of values 
for oj44, (= 1,2,---,r—1). Ina similar way we get 

_ FP $j 


Cus _— ° ’ 
; Pj 


and each of tho resulting r values of o, 4; (in terms of ¢; and the coefficients 
of S) determines a single set of values of o;,4;. Moreover, inasmuch as 


Pita4a — P/Fa+i 
— = 
Tipe +1 TjPe + j 


the value chosen for o4, ; (in terms of ¢;) is uniquely fixed by the value 


chosen for o,4,. Hence there are °~! collineations of the form S, that 


are conmutative with both A and S. 


+1f d = ne and cis a root of the congruence mr = 1 (mod r), then id +) = iid +ct+). 
(mod nj, where i; = i — x (mod r). Hence it is unnecessary to give to j values greater than c. 
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If c, is the greatest common divisor of e and x and n= ge, the order of S,, 
if it is finite, is obviously a multiple of g. Now S¥ is of the form 
Vier = B Vieg (C= 1,2,-++593 J=1, 2, +++, ), Where Bi = oj0,4;--- 
Ses j°**Fyg—-yezyj- But le + / = il +), (mod n) for a suitably chosen 7, 
when ), is the least positive residue of j with respect to the modulus c. Hence 
o,4; = 6; 2, and 8; =¢/T; where T; and /, are rational functions of the 
coetticients of S. For any S, whose order divides mg, of’(j, = 1, 2, - - -, ©) 
is fixed. Moreover there are r choices for o,, ;,and for each of these 
choices there are my values for each o;, except o,, which is equal to 
unity. Therefore the number of collineations of the form S, that are com- 
mutative with both A and S and whose orders divide mg is r(mg)*-?. 

CORNELL UNIVERSITY, 


IrHaca, N.Y. 
Marcu, 1910. 
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In the following lines is shown a new way for generating cycloids, and a 


A NEW CONSTRUCTION FOR CYCLOIDS 


H. ScHAPPER 


simple method of constructing such curves. The advantage is looked for in j | 
the fact that, here, with the points of the curve are given simultaneously the if 
respective tangents ; and this is a constructional simplification. The kine- | 
matical aspect of the problem is ulso of interest. 

Beginning with the simplest case,* consider a circle rolling uniformly 
over a straight line, and simultaneously a puint P describing a simple har- 
monic motion (abbreviated S//M ) along a diameter ofthe rolling circle. Ifto 
a complete revolution of the circle corresponds a complete period of the SHM, 
and if both motions begin at the same instant, and start from the same point, 
then the equations in rectangular coordinates of the path of Passume the form 


z= r(a—sinacosa), 


y = r(1 — cos*a), 


where use is made of the relation that exists between S//M and uniform 
circular motion, so that P is found by dropping a perpendicular from the 
contact of the circle with the fixed line to the diameter in which the SHM 


takes place. 


These equations may be written in the following way : 


z= 


” 
~ § 


(2a — sin 2a) , 


y = 5 (1 — cos 2a). 


Putting 5 =r, 2a =a’, we finally get 


== 


7 = 


r(a’ — sin a’), 


(1 — cosa’), 





* A proof for the construction in the case of the common cycloid was published by the 
author in The American Mathematical Monthly, February, 1909. 
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+ which is the common parameter form of the equations of the cycloid. We 
is thus see that the eycloid may be defined as the path of a point having a S//M . 
‘e 


along the diameter of a uniformly rolling circle. The cycloid thus generated 
‘ is the same as if described by a point on the rim of a rolling circle of 
radius r/2. 


For the tangent we get 


+, dy sin2a ' ‘ G 

; = = cota = tan —a 

: dx 1 —cos2a 2 as 

4 which says that the diameter in which the S//.MV occurs is always tangent to 


the curve; the points of the curve as well as their corresponding tangents are 
thus found at the same time. This fact is also evident from kinematical con- 
siderations. 

As the next case we consider the rolling of a circle of radius r on a fixed 


: circle of radius 22, and at the same time a S//.W along a diameter of the 
7 moving circle, the conditions imposed beingthe same as in the case of the cycloid. 
F Denoting by a the angle formed by the line of centers of the circles with its 
; original direction, we get for a point 7 of the resulting path 

; R R +? 

k x =( + r)cosa — rcos — @ cos- —@, 

¢ , 

‘ 

§ , R . R+r 

2 y = (2+ 1r)sina — reos — a sin ———a. 

é r Tr 

% j ; ;, ial ; 

i After some reductions these equations simplify to the following : 

ty 


R+r' 


x= (+ r’)cosa —7'cos ——— a, 
r 


5 adhe 


y =(R+r')sina —r'sin 


where 
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We thus see that the resulting path of a point describing a S1/M under 
the stated conditions along the diameter of a circle of radius r rolling on 
another circle of radius 72 is an epicycloid. The epicycloid thus generated is 

















the same as if described by a point on the rim of a circle of radius r/2 rolling 
over one of radius 72. 
For the slope of the tangent we get 


dy _ 
dc 


where @ is the inclination of the diameter considered to Oz, and therefore the 
diameter in which the S//M takes place is tangent to the epicycloid for every 


R+r 
tan — * a = tan 6, 
> 
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one of its points, so that we find simultaneously the points and the tangents 
to the curve. 

In a similar manner we get for the case of a circle rolling on the inside 
of another circle, the SH.M taking place along a diameter of the rolling circle 
under the same conditions as before, 


R 
x =(R-—r)cosa + r cos — a cos - fT 
' r r 


> 
. _ 
y = (R—r)sina — rcos ee “ 


and by reducing we get 


, ' R—r' 
x=(R-—r')cosa + r'cos J a, 


R —- 


y =(R-—-?')sina —r'sin el 


where r =r 2. 

These equations express that the resulting path is an hypocycloid — the 
same as if described by a point on the rim of a circle of radius r/2 rolling 
over the inside of one of radius 2. 

For the tangent we get 


1 fo 
J a=tané, 
dx r 


and therefore here, too, the diameter in which the S//.M occurs is tangent to 
the hypocycloid for every one of its points. 

The construction is similar to that in the case of the epicycloid. 

It is also to be noticed that the points of the curve are here found directly 
as the intersection of the tangent and normal. 

From the foregoing the conclusion seems to be justified that it is interest- 


ing and advantageous to define the cycloids as the resultant of a SHM com- 
bined with that of the rolling of a circle. 


CARNEGIE TECHNICAL SCHOOLS, 
PITTSBURGH, Pa. 





METRIC CLASSIFICATION OF CONICS AND QUADRICS 
BY MEANS OF RANK 


By Georce RuTLEDGE 


Ir is well known that, under non-singular linear substitutions, the rank 
of the determinant of a homogeneous quadratic form, in n variables, is an 
absolute invariant. It follows directly from this that the rank of the deter- 
minant of a non-homogencous quadratic form, in n — 1 variables, and the rank 
of the determinant of its homogeneous quadratic part, are absolute invariants 
under substitutions of the type 


a, = (;, Y,, + li 3% + ore + he ping Beus + lin (t= 1, 2 coe R= 1), 


where the determinant of the homogeneous part of the substitution is non- 
singular. 

Hence, in particular, the rank of the determinant of the equation of a 
conic or quadric, and the rank of the determinant of its homogeneous quad- 
ratic part are absolute invariants under all rigid displacements of the conic 
or quadric. This fact may be made use of to determine the type of a conic 
or quadric by a mere inspection of its equation, without any transformation. 

It is shown in the text-books,* that the equation of a quadric may always 
be reduced, by rigid displacements, to the form, 


Apri + AT, + Agrg + Zzy + c = O, 


where either 4 or A, is zero, and either / or ¢ is zero. 
* For instance, Fort-Schlémilch, Lehrbuch der analytischen Geometrie, vol. 2, p. 207. 
For a purely analytic treatment of this reduction, cf. Bromwich. Quadratic Forms and 
their Classification by Means of Invariant Factors (Cambridge, England, 1906), p. 72. 
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There are, then, three types of the reduced equation, as follows : 


First type: Reduced equation, Ayr] + As + Aetc=0, c#O 


T, AyrAgAy + O Central Quadric 
I, AyrAy + 0, AZ =O Elliptic or Hyperbolic Cylinder 
I, A, + 0, A= 0,rA, = 0 Two Parallel Planes 


Second type: Reduced equation, Ayr; + Ayr; + Ayr3 = O 


II, Ay-Ay-A3y = O Cone 
Il, Ay-A» + 0, AZ = 0 Two Intersecting Planes 
II, dh, ~ 9, Ag = 0, AZ =O Two Coincident Planes 


Third type: Reduced equation, yz] + 27; + 2Zhv; = 0, k ZO 
III, Ay-A, + O, AZ = O Paraboloid 
III, AZ 0,0, =0,A, =0 Parabolic Cylinder 


If, in each case, we determine the rank of the determinant 


0 » O 0 | 
| 

0 0 a &] 
0 0 k ce) 


this rank will be the same as the rank of the corresponding determinant of 
the original unreduced equation, and similarly for the rank of the principal 
first minor in the upper left-hand corner. 


The minors which do not vanish identically are: 


A, 0 0) A, 00 0 0) |) 49 0] 4,00 
(OAK 0 ry k (0490, 1020) 0 0 
Oh ¢ Ok ¢ | 0 0c) (00 i | 0 OAs; 


Ay 0 hy, 0 r, 0 140! |r, 0] 


| mO| | Ak 
O% | 0A, (Om) [Oe 
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An examination of the above determinant and minors yields the ; 
following result, where R = the rank of the determinant of the original unre- i 
duced equation, and /?, = the rank of its principal first minor in the upper 
left-hand corner : x 
R R, TYPE Li 
4 3 I, Central Quadric 
4 2 III, Paraboloid 
3 3 II, Cone 
2 I, Elliptic or Hyperbolic Cyl. 
3 | III; Parabolic Cylinder 
2 2 II, Two Intersecting Planes | 
2 1 I; Two Parallel Planes | 
1 l II, Two Coincident Planes 
1 0 Equation linear 


The necessary changes in the case of conics will be recognized without 
difficulty. We obtain: 


3 2 I, Ellipse or Hyperbola 
: l III, Parabola 
2 2 II, Two Intersecting Lines 
2 l I, Two Parallel Lines 
l l II, Two Coincident Lines 
1 0 Equation linear 
As an example of the foregoing method, consider the quadric* 





* Discussed by the ordin 


ary method in C. Smith, Solid Geometry, p. 63. 
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ml 
> . | 
E da? + y? + 42° — dyz + 82x — dry + 2x — dy + 5241=0. 
Bi The determinant to be considered is 
hi @-2 4 1 

~t § -~% = 
: , 5 
$-2 4 5 
it : i“ , 
: 1-2 5 
v 
nt 
Si Adding twice the second column to the first and to the third, which does 
not change the rank of either of the determinants with which we are con- 

cerned,f we have, 
0 a Tt) l 

% 0 l 0 2 
# a 

0 —2 0 
“* » 
Fi 

3 

L > ») 
‘ = a — F 1 
k whence it is evident that the determinant of the original equation is of rank 3, 
‘ and that its principal first minor in the upper left-hand corner is of rank 1. 
: The quadric represented is consequently a parabolic cylinder. 
ie 
é Tue UNIVERSITY OF ILLINOIS, 
APRIL, 1910. 
7 
i _ 
4 ’ 7 Bocher, Introduction to Higher Alyebra, p. 55. 
ie 
f 
iG 
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A METHOD OF SOLVING LINEAR DIFFERENTIAL EQUATIONS * 


By P, A. LAMBERT 


THE object of this paper is to present a new method of solving ordinary 
linear diffential equations, which may frequently be applied with advantage 
when the coefficients of the equation are polynomials in the independent 


variable. 
Let the given differential equation be 
[. dy dy d"y 
(1) f(a sae vadiat 


The method of solution proposed consists of the following steps : 

(a) Break up the function / into two parts, one of which, 7, equated to 
zero gives a differential equation which may be readily solved, and introduce 
a parameter ¢ as a factor of the second part so that the given equation, 
Ai + Sz = 9, is replaced by 
(2) At fa=0. 

(4) Assume that the series 
(3) y= A+ Bt+ CP + Dt*..., 
where A, B, C, D, ---+ are undetermined functions of :x, satisfies (2), Sub- 
stitute the expression (3) for y in (2) and determine these functions by 
solving the differential equations formed by equating to zero the coefficients 
of successive powers of ¢ in this identity. 

(c) Substitute the values of A, B, C, D, --- in (3), and replace ¢ by 
unity, and see whether 





* Read before the American Mathematical Society, October 30, 1909. 
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(4) y= A+ B4+C4D--- 
satisfies equation (1). 

It is to be noted that A is a solution of the equation f, = 0, and may con- 
sequently be frequently determined by a suitable choice of f, to contain n 
arbitrary constants so leading to the general solution of (1). If this is 
possible it is necessary only to obtain particular solutions of the equations 
for B, C, D,---- 

Since the process above described is purely formal it is evidently neces- 
sary to see whether or not the series (4) actually satisfies (1) if that series 
contains an infinite number of terms, or if any of the functions A, B, C, --- 
is given by an infinite series. 

The most advantageous method of breaking up the given equation into 
two parts must be determined by trial. However, if no term is separated 
into two parts, the number of possible methods of choosing f, and f, is never 
greater than 2", and if x is not large the best ncthod may be selected without 
much difficulty. 

In the process of solving the differential equations which determine 
A, B, C, D, ---, independent arbitrary constants are introduced until the 
number of arbitrary constants equals the order of the given differential 
equation. 

If the independent arbitrary constants are C, C2, Cy, - 


- C, the terms 
of the series (4) may be grouped so that (4) takes the form 


(9) y¥=C§ynt Crypt Cy yg t+ 4+ Cy Y¥,+ Y, 


where ¥;, Y25 Ys, ° ++ Y, are independent solutions of the corresponding homo- 
geneous differential equation, and Y is a particular integral of (1). 

If another manner of breaking up the given differential equation makes 
series (4) a solution of (1), there may be determined a different set of in- 
dependent integrals and a different particular integral. 

If the general solution (5) of the differential equation contains infinite 
series, the limits of the regions of convergency must be determined by the 
usual methods. 

This method of solving differential equations is the result of an attempt 
to extend to differential equations the method employed by the author in the 
papers “On the solution of algebraic equations in infinite series.” t 





t Bulletin American Mathematical Society, ser. 2, vol. 14, 1908, pp. 467-477. 
Proceedings American Philosophical Society, vol. 47, 1908, pp. 111-134. 
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The incentive to make this attempt came from the following statement in 
an extract of a letter from Cauchy to Coriolis of January 29, 1837, published 
in the Comptes Rendus of the Paris Academy. 

“Ainsi étendus, ces méthodes s’appliquent avec un succés remarquable a 
presque tous les grands problemes d’analyse, 4 la résolution générale des 
équations, 4 Vintégration des équations différentielles, 4 la mécanique 
céleste, etc.” 

Cauchy describes the method applied to algebraic equations as follows: 

“Pour résoudre une équation partagez son premier membre en deux poly- 
nomes d'une maniére quelconque, et supposez l'un de ces polynomes multiplié 
par un paramétre que vous reduisez plus tard a l’unité.” 

By this method the solutions of Bessel’s equations, of Legendre’s equa- 
tion, and of the differential equation of the hypergeometric series may be ad- 
vantageously determined. 

The method will be examplified by applying it to two differential 
equations. 


Example 1. Solve 


dy 


Ta +ax*y=14+2. 





Writing this equation in the form 


and assuming that 
y=A+ Bt+ CP + DO +--- 


there results 


@2A| @&B eC |, @D 
len pa —. — — 
dat|+ Gat |° + ae ! + a 


—(1+2)|+az*A| +avBl + ax*C 


Equating to zero the coefficients of the successive powers of ¢ in this 
identity, we have 
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1 + 2, 


> + arA = 0, 


“— + aeB=0, 


From this series of differential equations 








n a a 
ax ax® ax® ax 
Ba = |, ——~+ §, -~ = - a 
' 34 - 4-5 1-2-5-6 2-3-6-7 
arxs a*y? azz ay 
C= ee ican, 5, gee + —— 
134.787 “? 758-9 7 1-2.5.0-9.10 * 2:3.6-7-10-11° 


The law of formation of the successive coefficients A, B, C, D,-.--: 
is evident, and the value of y, when ¢ is made unity, becomes 


y-K ( , az! + a a8 ady}? 
ii — 34 7° 3:46.78 ~ F-4-7-8-11-12 * +) 
ke (1 ax a*x8 aby? 
at = =a a ce 4s 
* 4.5 ” 4.5.8.9 4.5.8.9.12-13 + ) 
xr (1 ac! ax* 
+ 9 ~ 5-6 56910 ) 
‘ x ( 1 ax* arg 
6 ~ 6.7 . 6-7-10-11 ‘). 


This value of y is composed of four infinite series, each convergent 
for all values of x, and is the complete solution of the given differential 
equation. 


Example 2. Solve 


dy dy 








ee 
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— , a 
Writing this equation in the form 


2 dy dy 


1 
dai ” dx / 


4y + 20% “Y _ 0, 
dz: 
and assuming that 


Y¥= A+ B+ CP + DAO+ FtA+... 


’ 


there results 


x? A 4 a? CB t 2 PC 2 
dx? | dx? | =" dx? Pest oee 
ped dB. dC 
+ de | * ae) + ae 
4A |- 4B —~ 40 
92 dA) | oo IB 
os dx | aes ‘dx 








Equating to zero the coefficients of the successive powers of ¢ in this 
identity, we have 


9 ad? A dA 
a - a 





da? es dx 4A=0, 
d? B dB dA 

a = — on i 

. dx? ¥o da 4B + 22 dx 0, 
rR 10 iB 

Ae gg. swe ab 
dx? dy: dx 


The solutions of the first equation for A are A = Aj2? and A = Ayar-*. 

(a) Substituting = Aj2? in the next equation, 
[?B dB , 

a?——_ +2 ——4B+ 4K, X=0. 

dx? dx 

A particular solution of this differential equation must be determined. 
The particular solution may be found by multiplying this equation by x 
and by two successive direct integrations. 








—— 
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i j \, 
oa The particular solution may also be found by the method of this paper a 
i as follows: Writing the equation in the form 4 
CB dB » 
ao 4 2 “4 4h23 — 4Bt = 0 
da? dx 4 


and assuming that 


B= B+ Bit + Be+ Be+--., 





there results 


dB, d? By | d? Bs 
ye} ow tg HP + = 0. 
dau? dx? | +O Te |" t 
dB, dB, dB, | 
x - + x ——| +2 ——| 
4 dar dx | dx | 
+ 4h7/- 4B) — 4B, 
| Equating to zero the coefficients of the successive powers of ¢ in this 





identity, we have 





Pp lB _ 
cls. a + 4hj2* = 0, 


» 


ape 


i da dx y 
, pb, dB, 
“ “de * ” “de om, =, 








, 2, dB, 
+2- 


eae ** a “ers 





ry =, : “bg oak POM aah . MNS ee 


From this series of differential equations, we find the particular solutions 


ov aay eae) 






‘ gine Fa . 

H B,=- ‘ K,’, B, = — (;) K\23, B; = — (3) ee ’ 
bs e ‘ ; 

a Hence 

4 ° s 
4 4, ft. (NID - 

3 B —_-— 9 hy23 ~(5) A a -(5) hx “= ¢ 62 Ee = 5 K,25. 

if 

F 


Substituting this value of B, 


2 IT ag _ 23 
“dx i dz 4c 


fen PS wre 
a 


- Kyx4 = 0. 





Hi) 
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A particular solution of this equation is 





, 4 
In like manner 
4.8 5-16 
i ee. ea a ee 
=~ 56.7 “4 = cezg hm 
yn 
N= (-—1)" Nd lad Bu en +2, 


5-6-7-8 = ++ (n +4) 
Substituting the values of A, B, C, D, ---, and making ¢ unity, 


34, 48, 
= r se _ cee 


5-6 7 5-6-7 


y = hy" [1 _ : x+ 


(n +1) 2 
+ (—1)s 5-6-7-8--- (n+ 4) Kp tee 





which is convergent for all values of x and a solution of the given differ- 
ential equation. 

(4) Substituting A = A, 2-?, 
we have 


wt +2 = —4B—4Ayr'=0. 
dx? dx 


A particular solution of this equation, found by the same methods, jg 
S = 
B =—_ - 3 Kya. 


Substituting this value of B 


,@20 aC 


4C' : i. 0 
2 —_ 15 = . 
° dx ie dw * 3° 


A particular solution of this equation is 


It is evident that D=0, HE =0 --- are particular solutions of the re- 
maining differential equations of the series. 











LAMBERT 


Hence 


4 2 
= kK, PS an O84 op 
y= Ky (« = 2 +3) 


is a solution of the given differential equation. 
The general solution of the given differential equation is the sum of 
these two independent integrals. 


LEHIGH UNIVERSITY, 
Soutu BETHLEHEM, Pa. 
FEBRUARY, 1910. 
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